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Chapter 1 


Introduction and Literature Review 

1.0 General 

Reinforced concrete (RC) moment resisting frames are popular compared to 
structural steel frames in developing countries including India, due to low cost of material 
and labors. The vertical spaces created by adjoining RC beams and columns are filled by 
masonry walls either to protect the inside of stracture from rain, snow, wind etc. or to 
divide inside spaces according to functional requirements. Generally, in India 
unreinforced masonry of burnt clay brick with cement mortar is used. Thickness of infill 
walls is usually 230-250 mm. Use of half brick thick (~115 mm) walls to divide internal 
spaces of buildings in urban India is also common. 

In general practice, infill panels are assumed as non-structural elements and their 
strengths and stiffnesses are neglected in the analysis and design of structures, while their 
mass is taken into account for load calculations. Infills alter the behavior of the building 
from predominant frame action [Fig. 1.1(a)] to predominant truss action [Fig. 1.1(b)], and 
carry the lateral seismic force as a compressive axial force along their diagonals [Murty 
et ah, 2002]. 

In many past earthquakes, relatively weak and flexible RC frames, designed for 
only gravity loads could have been prevented from collapse if infills were distributed 
uniformly in plan and elevation. However, when infills are not uniformly distributed, it 
has many severe ill effects on seismic performance of frames. If infills are not uniformly 
distributed in plan, it causes stiffness and strength irregularity in plan, which may induce 
torsional moments in the building. Whereas uneven distribution of infills in elevation 
causes vertical irregularity. Soft-story effect occurs due to the absence of infill panels in a 
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particular story while short-column effect occurs in case of partially-filled infills causing 

stress concentration. 

During past earthquakes across the world, numerous buildings with soft story 
have collapsed or suffered severe damage. Hence, it is crucial to incorporate the effect of 
infill to comprehend the seismic behavior of infilled frames; especially, when infill is not 
uniformly distributed. 

Infill panel is not homogeneous as it is made of brick and mortar. Therefore, its 
behavior is dependent on brick and mortar both. Another difficulty in modeling of infills 
is uncertainties associated with properties of masonry and mortar. Due to this reason, 
there is a general lack of realistic and simple anal 3 ^ical models, which may be acceptable 
to designers. However, a large numbers of experimental and analytical researches have 
been carried out in the last fifty years, to understand the influence of infill on lateral 
strength and stiffness of framed structures. 

Different analytical techniques/models have been proposed for idealizing the infill 
panels to study their global behavior (e.g., stiffness and strength) and local behavior (such 
as, failure patterns). These can be divided into two groups: micro-models and macro- 
models. The first group includes FEM models in which the structure is divided into 
numerous elements to account for the local effects in detail, whereas the second group 
includes simplified models (e.g., diagonal strut model) based on the physical behavior of 
infill panels. The FEM models can give fairly accurate results if the structure is idealized 
with care, but require large computational effort, and hence, are not suitable to practicing 
engineers. On the other hand, diagonal strut models give approximate results, and require 
less computational effort. Due to their simplicity, the macro-models are popular with the 
practicing engineers [Kumar, 2002]. 
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1.1 Stilt Buildings 

Owing to the high cost of land and small size of plots, parking is often 
accommodated in the ground stoiy area of the multistory buildings in urban areas of India 
and many other countries. Ground story in such buildings does not have any partition 
walls between them, while infill walls are present in upper stories. Such buildings are 
often called “open ground story buildings” or “soft story buildings” or “buildings on 
stilts” [Murty, 2004]. Ground story may be kept open for making reception lobby or 
storage also. This type of building will be referred as “stilt building” for the sake of 
brevity in this document. Such buildings have mainly three types of vertical irregularities 
namely mass, strength, and stiffness irregularity. As compare to strength and stiffiiess 
irregularity, mass (or weight) irregularity has a smaller effect on seismic behavior [Al-AIi 
etal., 1998]. 

Stilt buildings are relatively flexible in ground story, i.e., the relative horizontal 
displacement in the ground story is much larger than that in each of the stories above it 
[Fig. 1.2(a)]. This flexible ground story is also termed as “soft story”. Such buildings are 
also weak in ground story, i.e., the total horizontal earthquake force that can be carried in 
the ground story is significantly smaller than the horizontal load carrying capacity of the 
upper stories. Thus, the open ground story may also be a weak story. Often, open ground 
story buildings are called soft story buildings, even though their ground story may be soft 
and weak. Generally, the soft or weak story usually exists at the ground story level, but it 
could be at any other story level too [Murty, 2004]. 

Infilled RC frames are commonly analyzed and designed as bare frames. 
However, the actual behavior of bare frames is entirely different from that of the bare 
frames. In stilt buildings, ground story is bare and upper stories are infilled with masonry. 
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Therefore, it is of interest to analyze and compare deformation profile, hinge formation 

sequence, strength, stiffness etc. of the same frame, modeling it as a bare frame, fully 

infilled frame, and as stilt frame. Such a comparison will be useful to understand how the 

performance of stilt frame is different from that of the bare and infilled frames. 

The Indian seismic code classifies a soft story as one in which the lateral stiffness 
is less than 70 percent of that in the story above or less than 80 percent of the average 
lateral stiffness of the three stories above. A weak story is one in which the story lateral 
strength is less than 80 percent of that in the story above. The story lateral strength is the 
total strength of all seismic force resisting elements sharing the story shear in the 
considered direction [IS: 1893, 2002]. 

1.2 Performance of Stilt Buildings during the Past Earthquakes 

Stilt buildings have consistently shown poor performance during past earthquakes , 
across the world (1971 San Fernando, 1 994 Northridge, 1995 Kobe, 1998 Adana-Ceyhan, 
1999 Kocaeli, 1999 Taiwan, 2001 Bhuj, and 2003 Algeria earthquakes); a significant 
number of them have collapsed. Major damage to many reinforced concrete and steel 
buildings in the 1995 Kobe earthquake, and to critical hospital facilities in the 1971 San 
Fernando earthquake, were attributed to the open ground story. Alarming amount of 
damage to the buildings with open basements for parking has been reported during the 
1994 Northridge earthquake [Arlekar et al., 1997; Murty, 2004]. Performance of 
buildings with open ground story in some of the past earthquakes is discussed in the 
following. 

1.2.1 1997 Jabalpur (India) Earthquake 

The Jabalpur earthquake of 1997 for the first time illustrated the seismic 
vulnerability of Indian buildings with soft story. This earthquake, the first one in urban 
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vicinity in India, provided an opportunity to assess the performance of engineered 

buildings in the country during ground shaking. The damage incurred by Himgiri and 

Ajanta apartments in the city of Jabalpur are very good examples of the inherent seismic 

risk to buildings with soft ground story. Himgiri apartment was an RC frame building 

with open ground story on one side for parking, and brick infill walls on the other side. 

The infill portion of the building in the ground story was meant for shops. All the upper 

stories had brick infill walls. The ground story columns in the parking area were badly 

damaged including spalling of concrete cover, snapping of lateral ties, buckling of 

longitudinal reinforcement bars and crushing of core concrete [Fig. 1.3(a)]. The columns 

on the other side had much lesser level of damage. There was only nominal damage in 

the upper stories consisting of cracks in the filler walls. This is a clear case of columns 

damaged because of the soft ground story. 

The Ajanta apartment buildings were a set of almost identical four-story RC 
frame building located side-by-side. In each of these buildings, there were two 
apartments in each story, except in the ground story. One building had two apartments in 
the upper stories, but only one apartment in the ground story. The open space on the other 
side was meant for parking, and hence had no infill walls. Whereas, only nominal 
damages were reported in the building with two apartments in the ground story, the 
ground story columns on the open side in the other building were badly damaged. The 
damage consisted of buckling of longitudinal bars, snapping of ties, spalling of cover, and 
crushing of core concrete. Another 3-story C-shaped RC frame building (Youth Hostel 
building) suffered extensive damage to the columns in the stilt story in the form of severe 
X-type cracking [Fig. 1.3(b)]. Here also, the upper two stories had brick infilled walls. 
This made the upper stories very stiff as compared to the stilt story. There was no damage 
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to the columns in the stories above. The soft ground story at the stilt level is clearly the 

primary reason for such a severe damage [Arlekar et al., 1997]. 

1.2.2 1998 Adana-Ceyhan (Turkey) Earthquake 

During the 1998 Adana-Ceyhan (Turkey) earthquake, the most catastrophic 
failures were due to discontinuity of vertical elements of the lateral load resisting system. 
It is common in Turkey to construct multistory buildings with the ground story being left 
open for parking or storage. In some cases, such areas are enclosed by glass partitioning 
windows to be used as showrooms. Such relatively flexible stories are subjected to higher 
stresses under which they may fail with the upper stories usually moving as a unit. The 
almost vertical collapse of the buildings without considerable lateral movement indicated 
a very low shear and vertical load carrying capacity of the ground story. Another unique 
example of the soft story effect was observed in a 6-story building of similar type but 
having partially soft story; the portion of the building having infill in ground story 
experienced no damage while the portion with openings resulted in soft story formation 
and collapsed. In the near proximity, other similar types of buildings with reasonably 
symmetric geometry and without significant variation in stiffness and strength in plan and 
in elevation performed well, with only nominal damage, usually in the form of the 
cracking of brick infill walls [Adalier et al., 2001]. 

1.2.3 1999 Kocaeli (Turkey) Earthquake 

In the 1999 Kocaeli (Turkey) earthquake, a large number of multistory RC framed 
buildings with masonry infills collapsed. Typically, a story mechanism was formed in the 
bottom story or in the bottom two stories. In some cases, the obvious reason was soft 
story effect due to absence of infill walls in bottom story. In many cases, however, a soft 
story mechanism was observed in structures with a uniform vertical distribution of infills 


Chapter 1: Introduction and Literature Review 7 

after the fall out of the infills in the bottom two stories [Fig. 1.4]. In Fig. 1.5, two similar 

buildings, located within the same complex of buildings, are shown after the earthquake. 

In one building [Fig. 1.5 (a)], which did not collapse, a concentration of damage in the 

bottom two stories can be clearly seen. The other building collapsed due to complete 

failure of the bottom two stories, as shown in Fig. 1.5(b) [Dolsek, 2001]. 

1.2.4 2001 Bhuj (India) Earthquake 

Most of the residential apartment buildings in affected areas had weak RC frames; 
masonry infills played a crucial role in the survival of many buildings by providing 
lateral strength and stiffness. A completely infilled RC frame with uniform strength and 
stiffness sustained almost uniform damage along the height [Fig. 1.6]. A four-story 
uniformly infilled building in Gandhidham had suffered minor cracking at frame-infill 
interface [Fig. 1.7]. While its symmetric half, which had open ground story to facilitate 
parking, completely dollapsed along with stair tower in the middle, the site in the 
foreground was leveled flat after clearing the debris [Murty et al., 2002]. 

A large number of stilt buildings in Ahmedabad, Bhuj, Gandhidham, and other 
towns suffered severe damage or catastrophic collapse. Almost all of the buildings that 
collapsed in Ahmedabad were having open ground story configuration. In many other 
buildings that did not collapse, the damage was confined to the open ground story 
columns with only nominal frame infill separation in upper stories [Fig. 1.8]. Many 
buildings were neither designed for seismic load nor detailed for ductile behavior. Hence, 
ground columns suffered brittle shear failure as shown in Fig. 1.9 [Murty et al., 2002]. 

1.2.5 2003 Bingol (Turkey) Earthquake 

Most of the damage witnessed in this earthquake was due to the soft story effect, 
whereby the absence of masonry infills, in order to provide extra space for commercial 
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enterprises at ground floor, proved detrimental [Fig. 1.10]. Generally the larger the 

ground floor outlet and the smaller the area of the infills, the heavier was the damage 

observed. Furthermore, the buildings with ground story height significantly higher than 

the typical story height, suffered more damage. This was manifested generally in the 

brittle behavior of the columns, affected by diagonal shear cracks in them. The apartment 

building shown in Fig. 3.11 lies on gentle sloping ground, at the bottom of a steep hill. It 

suffered a weak story collapse in the ground floor, where three shops were operaitihg'. The 

underlying basement was undamaged whilst the overlying typical stories had infil l 

damage [Ellul et al., 20O3]. 

1.3 Codal Provision for Stilt Buildings 

Generally, for the purpose of stmctural design, buildings are modeled as bare 
frame, i.e., strength and stiffness contributions of infill are neglected in analysis and 
design. As a result, soft story effect is not captured. Indian seismic code IS: 1893 
addressed this serious issue by including a clause on stilt buildings in the last revision in 
2002. This clause suggests performing nonlinear dynamic analysis including strength and 
stiffness contribution of infill and members should be designed accordingly. Instead of 
nonlinear dynamic analysis, nonlinear static analysis is preferable, as it needs less 
computational effort while it works well if inelastic properties of all the members 
including infill are modeled accurately [Jain et al., 2004]. Alternatively, code 
recommends designing open ground story columns and beams for 2.5 times story shears 
and moments calculated as in bare frame (the code is silent about axial force). As another 
alternative, it permits designing columns and beams as usual provided shear walls are 
placed symmetrically in both directions and designed exclusively for 1.5 times lateral 
story shear calculated as in bare frame [IS: 1983, 2002]. 
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1.4 Previous Studies on Stilt Buildings 

For the sake of brevity henceforth in this document, buildings with no infill, with 
infills in all the stories of the frame, and those with infills only in the upper stories will be 
referred as “bare”, “infill”, and “stih” frame, respectively. A large number of 
experimental and anal>tical researches have been carried out to understand the effect of 
infill on seismic behavior of RC buildings. However, research work exclusively on stilt 
buildings is limited. 

Linear analysis of a four-story building with 4.4 m ground story height and 3.2 m 
height in upper stories having symmetrical plan was performed in ETABS [Arlekar et al, 
1997]. The stiffness irregularity in stilt building model was evident from the fact that the 
ground story stiffness was only 5% of the first story stiffness. However, in bare and infill 
buildings, ground story stiffness was about 50% of the first story stiffness. The lateral 
deformation profile of bare and infill buildings were smooth, while that of stilt had abrupt 
slope change at first floor level, i.e., most of the total displacement was contributed by 
the ground story. The fundamental natural period of bare, stilt, and infill frames in 
transverse direction was 0.64 s, 0.43 s, and 0.18 s, respectively, while it was 0.42 s as per 
codal formula. Bending moments and shear forces reduced significantly due to presence 
of infill in upper stories of stilt frame and all stories of infill frame. The bending moment 
and shear force demands were severely higher for ground story columns in case of the 
stilt building. 

A study was conducted to evaluate the effect of vertical structural irregularity on 
seismic performance of 5, 10, and 20 story plane frames [Valmundsson et al., 1997]. The 
frames were designed for moderate seismic zone according to UBC requirements. The 
frames were designed and detailed for ductility levels for 2, 6, and 10. The ductility 
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demand in the ground story increases noticeably as the strength and stiffness of that story 

is reduced. For a design ductility of 2 and a 30% decrease in strength and stiffness of the 

ground story, the increase in the ground story ductility demand was 80% for 5-story 

structures, 130% for 10-story structures, and more than 200% for 20-story structures. The 

increase in ductility demand is generally less for a design ductility of 6 and 10. 

The overstrength and ductility were investigated for three-bay RC plane frames of 
3, 6, and 10 stories using nonlinear pushover analysis [Balendra et al., 1999]. These 
frames were designed to resist gravity loads, wind loads, and a nbtional horizontal load in 
accordance with the British code BS 8110. The study showed that the overstrength 
decreases for bare frame as the number of stories increases. The ductility of bare frame 
was found to be slightly more than 2.0 in all frames (3, 6, and 10-story). Infill was 
modeled as bi-diagonal struts. Struts width was as per Mainstone formula and stress- 
strain curve for concrete masonry given by Priestley and Elder was adopted. The infill 
walls have increased the lateral strengths of 3, 6, and 10 story frames to 12.5, 14.5, and 
15.4 percent of the seismic gravity loads from 11.3, 8.3, and 4.9 percent, respectively. 
The ductility factors for 3, 6, and 10-story stilt frame are 1.89, 1.47, and l.Ol.This shows 
that ductility of stilt frames are lesser than that of bare frames. 

A four-story RC frame stmcture was selected as a test example to represent a 
contemporary earthquake resistant building [Dolsek, 2001]. Story height was 3.5 m in the 
ground story and 3.0 m in the upper three stories. The bare frame stracture was designed 
according to Eurocode 8, as a high ductility class structure. It was designed for 0.3g peak 
ground acceleration, which results in a base shear coefficient of 0.15. The lateral strength, 
of bare frame is about 30-35% of its total weight. Pushover analysis shows a global 
beam-hinge mechanism formation over the bottom three stories. In the uniformly infilled 
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structure, both stiffness and strength were much higher. However, with increasing 

deformation, the infills failed, and base shear decreased. A hinge mechanism was formed 

in the ground story at a relatively large deformation, similar to the deformation of the 

bare frame. In the bare frame, damage was limited and more or less uniformly 

distributed. The presence of infill changed the response of the structure significantly. In 

the case of the stilt frame, a concentration of drift was observed in the ground story. In 

. the uniformly distributed infill frame, both story drift and roof displacement was much 

reduced. The test led to the complete destruction of infill in the lower two stories, severe 

damage of infill in second story and almost no damage in top story. 

A six-story three-bay framed stractures with no infill, i.e., bare frame (BFR) and 
infill other than bottom story, i.e., stilt frame (PIF) were designed to satisfy the seismic 
requirements for ductility class “Medium” in accordance with ECS (EC8-1994 which is 
changed now significantly), with design peak ground acceleration (PGA) of 0.30g [Lu, 
2002]. ECS, adopts the concept of the behavior factor, q, to factor down the elastic 
spectrum for the determination of the seismic design lateral load. The value of the q 
factor is determined according to the ductility class chosen, taking into account the 
structure type and the irregularities involved. Specific detailing requirements are 
stipulated to satisfy the respective ductility demand. In the case of stilt frame, the 
contribution of infill walls is not considered in the final strength design but it is 
accounted for when evaluating the regularity index and determmmg the design seismic 
load. A general countermeasure in dealing with all vertical irregularities, as explicitly 
prescribed in ECS is a reduction of the design q factor (thus an increase in the design base 
shear). The reduction coefficient is taken as a ftmction of the regularity index, which is 
defined as the ratio of the minimum story-shear overstrength factor to the average. The 
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story-shear overstrength factor is calculated as the ratio of available story-shear strength 

(taking into account all vertical members including infills in the story) and design story 

shear force. A minimum regularity index of 0.55 is imposed. In fact, it was the minimum 

requirement that actually governed the proportioning of the open groimd story colmnns in 

frame PIF and as a result, its ground story columns size was larger than that of frame 

BFR. The final design q factors were 3.5 for BFR and 2.4 for PIF. The proportioning of 

the structural members was carried out following capacity design procedures for a weak- 

beam, strong column design and to avoid premature shear failure. For the experiment, 

reduced scale (1:5.5) models were constructed and tested under the same scheme of 

simulated earthquakes on an earthquake simulator. Frame BFR exhibited a xmiformly 

distributed cracking pattern. The severe damage at the fifth story is attributable to the 

abrupt reduction (over 20%) of the column cross section size and the subsequently 

intensified higher mode whipping effects. Its response remained stable, however, 

cracking widened substantially, indicating extensive yielding, while spalling of concrete 

occurred in the lower stories. In frame PIF, the enlarged ground story columns appeared 

to be effective in preventing what would usually be anticipated a soft story mechanism. 

Instead, the cracking spread into the beam column members as well as the masonry walls 

throughout the frame. 

A five-story building with 3.0 m typical story height having symmetrical plan was 
designed for zone V as per Indian seismic codes [Kanitkar et al., 2004]. The stilt building 
was designed as per the code provision of 2.5 times and the bare and the stilt, both frames 
were detailed as per ductile detailing code 18:13920-1993. Then inelastic analysis of the 
bare and the stilt buildings were performed. The bare frame exhibited good hysteretic 
behavior with almost no decrease in' lateral capacity even at high displacement levels. 
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While the stilt frame lateral capacity decreased in successive cycles. Its initial stiffness 

and lateral strength was much larger than that of the bare frame. The rapid drop in lateral 

strength could be attributed to the fact that the inelastic deformation was confined to open 

story columns. In the bare frame, the inelasticity propagated into the upper stories due to 

redistribution of the load within the structure. This did not happened in the stilt frame and 

consequently, lateral strength decreased in successive cycles. The lateral strength of the 

bare and the stilt frame were approximately equal to 1.0Fs(^b is design base shear) and 

2. 4 Vs, respectively. Although a scale factor of 2.5 is specified for moments and shear in 

the open story members, the current provisions do not account for increase in column 

axial forces, which could compromise flexural capacity. 

1.5 Scope and Research Objectives 

In the present study, two simple frames are studied. Initially, the frames are 
designed as bare frame for only gravity loads (dead and imposed load) to simulate old 
buildings, not designed for earthquake load. Infill is incorporated by modeling it as 
diagonal compression stmt. Pushover analysis is performed on bare, stilt, and infill 
frames using a stmctural analysis program ‘SAP2000 NonLinear’. The initial stiffness, 
lateral strength, maximum roof displacement, hinge mechanism, etc. of bare, stilt, and 
infill frames are compared. The frames are also redesigned as bare frames without 
considering soft story effect for different earthquake load level for zones II, III, and V as 
per 18:1893-2002. Seismic performance of all three frames namely bare, stilt, and infill is 
compared separately for different design cases. Variation in strength, stiffness, and hinge 
mechanism for the frames designed for different zones is discussed. The ground story 
columns of both frames designed for zone III are redesigned for 2.5 times moment, story 
shear, and axial force in the view of soft story effect. In another case, the ground story 
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columns, and beams, both are redesigned for 2.5 times forces as per requirements of 

15:1893-2002. In the light of above study, the provisions of Indian seismic code for stilt 

buildings are reviewed. 

1.6 Organization of Thesis 

The contents of thesis are divided into five chapters. Chapter 1 discussed the stilt 
buildings, their performance in the past earthquakes, codal provisions on stilt buildings, 
previous researches on stilt buildings, and states research objectives and its scope. 
Chapter 2 describes the considered buildings, material properties used, analysis-design 
procedures, and design cases. The modeling procedure in ‘SAP2000 NonLinear’ for 
nonlinear static pushover analysis of the moment resisting RC frames with unreinforced 
brick masonry infill is described in Chapter 3. Chapter 4 discusses the results of pushover 
analyses for different design cases. Chapter 5 includes summary and conclusions of the 


work. 



Chapter 2 


Analysis and Design 

2.0 General 

In many countries, including India, reinforced concrete (RC) framed buildings 
with masonry infill panels are analyzed and designed as bare frames, neglecting the 
strength and stiffness contributions of the infill. However, weight of infill is considered in 
load calculations. This chapter describes the considered frames, their modeling procedure 
for analysis and design, and design cases. A structural analysis software package 
“SAP2000 NonLinear” [CSI, 1999] has been used for analysis. 

2.1 Details of the Considered Frames 

Two typical residential buildings have been chosen in this study from which one 
two-dimensional frame has been considered and named as frame-A and frame-B, 
respectively. Gravity loads on frame-A and frame-B are shown in Fig. 2.1 to Fig. 2.4. 
Frame-A has 3 stories and height of each story and bay width are 3.0 m and 4.0 m, 
respectively. On the other hand, frame-B with bay width 3.5 m has 5 stories and its height 
in bottom story is 4.2 m, while in upper stories it is 3.0 m. 

Thickness of infill wall is 230 mm in both frames. Dead load of infill is applied 
on beams as uniformly distributed load at which it is resting. However, in seismic weight 
calculations, half of the weight of infill is lumped at the floor above and half at the floor 
below. Self-weight of beams and columns are calculated from its cross-section area and 
unit weight of concrete. Vertical distribution of design base shear as per IS: 1893 is shown 
in Fig. 2.5 and 2.6 and values are given in Table 2.1 and 2.2. While procedure to 
calculate the design base shear is discussed in section 2.4. 
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2.2 Material Properties of Members 

Material properties of the members are required to model the stiffness and the 
strength of the members. The grade of concrete used is M20; and that of longitudinal and 
shear reinforcement used is Fe415. When frame-B is designed for only gravity load case, 
grade of shear reinforcement used is Fe250, while grade of concrete is M15. The Young’s 
modulus of elasticity {E^ of concrete in MPa is calculated by the empirical relation given 
in IS 456:2000 as 

^c=5000V^ ,,(2.1) 

where fck is 28-days characteristic cube strength of concrete in MPa. The Young’s 
modulus of elasticity of steel is taken as 2.0x10^ MPa. The Poisson’s ratio and unit 
weight of concrete are taken as 0.2 and 25 kN/m^, respectively. 

2.3 Modeling of Members 

The beams and columns are modeled as frame element. The constraints are 
assigned at floor levels so that lateral displacement of each node at same floor level is 
equal. The columns are assumed to be fixed at their base. The centre line dimension of 
the actual structure is used to create the analytical model. End offset is considered as semi 
rigid to incorporate finite size of joint as suggested by Mondal (2003). The effect of 
geometric nonlinearity (P-A effect) is considered for all loads, which may be considerable 
where columns are long. 

2.4 Analysis of the Frames 

The following load combinations are considered in the analysis according to 


18:1893-2002. 
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\.5{DL+IL) 

\.2{DL+IL±EL) (2.2) 

\.5{DL±EL). 

0.9DL±\.5EL 

In the above equations, DL is self-weight of beams, columns, slab, floor finishing, and 
infill; and IL is imposed load. As per 18:1893-2002, the design base shear Vb on the 
frame is given by, 

Vb = WAh (2.3) 

where W is the seismic weight of the frame, which is calculated as full DL plus 25% of IL 
if IL is less than 3 kN/m^, else 50% of IL. Ah is the design horizontal seismic coefficient, 
which is calculated as below. 


Ah = 




UJ 

U J 



(2.4) 


In above equation Z is seismic zone factor, which is 0.10, 0.16, and 0.36 for zone H, HI, 
and V, respectively. I is importance factor taken as 1.0 for residential building; R is the 
response reduction factor taken as 5.0 for special RC MRFs when detailed as per 
18:13920. Si/g is obtained from design acceleration response spectrum for corresponding 
natural period of building. 8oil type is taken as medium and the value of damping for 
building is assumed 5% of the critical. Sa/g on medium soil site is given as below. 


5 , 

g 


i + isr 

2.5 

1.36/7’ 


0.00 :<7’< 0.10 
0.10<r<.55 
0.55 <r <4.00 


(2.5) 


The approximate fundamental natural period of vibration of MRF buildings with masonry 


infill is estimated as, 
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T = 


0.09A 

4d 


( 2 . 6 ) 


where T is the fundamental period in seconds, h is height of the building in meter and d is 
base dimension of the building along the applied earthquake load direction in meter. The 
design base shear (Fs) is distributed along the height of the building as per the following 
expression; 


Hi = Vb 


Wih- 

tWjh) 

y=i 


(2.7) 


where Hi is lateral force at floor i, Wi is seismic weight of floor /, hi is height of floor i, 
measured from base, and n is number of stories. 


2.5 Design Cases 

Both frames are designed as per 18:456-2000 limit state design procedures. 
Frames are detailed as per 18:13920-1993 in all cases in which earthquake loads are 
considered including in zone II. On the other hand, frames detailed as per 18:456-2000 in 
cases in where these are designed for only gravity load. 

Frame-A serves larger area and its seismic weight is 2400 kN while frame-B has 
1500 kN. The approximate fundarnental natural periods of frame-A and frame-B 
calculated as per 18:1893-2002 are 0.41s and 0.55 s respectively. The fundamental 
natural periods of vibration of both frames lie between 0.10-0.55 story; therefore, Sa/g is 
2.5 for both the frames. Consequently, the design base shear coefficient for both the 
frames for a particular zone is same and its value for zone H, III, and V is 0.025, 0.04, 
and 0.09, respectively. Design base shears are distributed vertically as per Equation 2.7 
and values are given in Table 2.1 and 2.2. The frames have been designed for following 


cases: 
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(i) GRA.V: In this case, frames have been designed for only gravity load {DL and IL), and 
no earthquake load has been considered. This case is to simulate non-seismically 
designed older buildings in order to envisage seismic performance of such buildings. 
Therefore, it is analyzed for only one combination, i.e., \.5{DL+IL) and detailed as per 
18:456-2000. 

(ii) EQ2: In this case, frames have been designed for DL, IL, and EL for zone II. The 
design base shear is 2.5% of seismic weight, which is 60 kN and 37.5 kN for frame-A 
and frame-B, respectively. Detailing is done as per 18:13920-1993. 

(iii) EQ3: In this case, frames have been designed for DL, IL, and EL for zone III. The 
design base shear is 4% of seismic weight, which is 96 kN and 60 kN for frarae-A and 
frame-B, respectively. Detailing is done as per 18:13920-1993. 

(iv) EQ5: In this case, frames have been designed for DL, IL, and EL for zone V. The 
design base shear is 9% of seismic weight, which is 216 kN and 135 kN for frame-A and 
frame-B, respectively. Detailing is done as per 18:13920-1993. 

(v) EQC3; These frames are designed for zone III. Further, the ground story columns of 
stilt frame have been designed for 2.5 times the bending moment, shear force, and axial 
force values coming from bare frame analysis. Detailing is done as per 18:13920-1993. 

(vi) EQCB3: These frames are designed for zone III. Following the 18:1893-2002 
provisions for stilt buildings, the ground story columns and first floor beams are designed 
for 2.5 times the bending moment, shear force, and axial force values coming from bare 
frame analysis. Detailing is done as per 18:13920-1993. 

Reinforcement details are given in Table 2.3 to 2.6 and shown in the Fig. 2.6 to 
2.18. Reinforcement details given in tables or shown in the figures are for near the 
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support regions, as plastic hinge will be introduced in these regions only. For simplifying 
the analysis and designs, the section size and reinforcement are kept same in all stories. 




Chapter 3 

Nonlinear Pushover Analysis 

3.0 General 

The buildings are not made earthquake-proof due to high cost and very less 
probability of occurrence of strong shaking during the service life of the building. Rather 
the buildings are made earthquake-resistant to ensure the safety of occupants and 
contents. Thus, buildings are allowed to be damaged during earthquakes. The earthquake- 
resistant design philosophy is that the structural members should not be damaged under 
minor shaking; however, repairable and even irreparable damage is allowed in moderate 
and strong shaking, respectively. In other words, earthquake-resistant buildings are 
designed for a lower level of seismic force and members are allowed to deform 
inelastically under severe ground shaking. Therefore, a nonlinear analysis is essential to 
understand seismic performance of the building. 

Nonlinear dynamic analysis is more appropriate than static nonlinear analysis, as 
structures are subjected to dynamic loading during ground shaking. Dynamic analysis is 
quite sensitive to the characteristics of the input motions, thus the selection of suitable 
representative acceleration time-history is mandatory. As a result, dynamic nonlinear 
analysis needs very high computational efforts. However, static nonlinear analysis that is 
also known as “pushover analysis” is a simple option to trace the sequence of yielding 
and failure of the members and estimate the lateral strength of the building. Nonlinear 
static analysis is suitable for practical design applications as well as adequate to envisage 
the seismic behavior of a building. Hence, a nonlinear static pushover analysis has 
become popular in recent years to determine parameters such as initial stiffness, yield 
strength, yield displacement, maximum base shear, and maximum displacement. 
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In pushover analysis, the nonlinear load-deformation characteristics of individual 

members are modeled and predefined lateral load pattern is applied along the building 
height. The lateral forces are then monotonically increased in constant proportion with 
displacement control at the top of the building until a certain level of deformation is 
reached. Response of structure beyond maximum strength can be determined only by 
displacement-controlled analysis. Hence, in the present study, displacement-controlled 
pushover method is used for analysis of infilled RC frames. A structural analysis software 
package “SAP2000 NonLinear” [CSI, 1999] has been used for this purpose. A typical 
pushover curve of infilled RC frame is shown in Fig. 3.1. 

3.1 Material Properties of Infill 

Much variation is found in material properties of brick masonry due to associated 
uncertainties in clay type from which it is made, level of heating undergone during 
burning, grade of mortar, etc. Material properties of brick masonry manufactured in India 
were surveyed in available literature and taken as describe below. 

Compressive strength of brick masonry is taken as 5 MPa and Poisson’s ratio 0.2. 
The unit weight of masonry is assumed as 20 kN/m^. Maximum compressive strain in the 
infill panel e„, is taken as 0.0053 as reported by Choubey [Choubey, 1990]. The 
coefficient of friction between frame and infill panel ///is taken as 0.45 [Saneinejad et al., 
1995]. The Indian masonry code [IS:1905, 1987] recommends that the permissible shear 
of masonry walls resisting in-plane horizontal forces will be calculated on the area of the 
bed j oint as per following expression 

f =0.1 + ^<0.5 MPa (3.1) 

where ^ is the permissible shear stress of the masonry (MPa) aoAfd is the compressive 
stress due to dead loads (MPa). Although this recommendation is for masonry structures. 
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but it is used in this study also as there is no exclusive provision for masonry used as 

filler in RC frames. In this study, is calculated as half of the self-weight of infill panel 

divided by area of bed joint, while the other loads are assumed to be taken by frame. 

Shear failure may occur at any height in the panel. Although it is assumed to fail at mid 

height and half of self-weight of infill panel is considered. The ultimate shear stress of 

masonry is taken as 2.5 times the permissible shear stress. The same value is suggested 

by Hatziniklas (2000). 

Several empirical relationships are available in the literature to estimate modulus 
of elasticity of masonry. Grimm (1984) conducted a series of experiments for different 
types of masonry units and different mixes for mortar. His results show a large scatter. As 
per Dayaratnam ( 1 987), elastic modulus of brick masonry in MPa may be taken as 

E„=^4000iZ (3-2) 


where /„, is the compressive strength of brick masonry in MPa. Paulay et al. (1992) have 
recommended another expression 

E„=15Qf„ (3.3) 

Drysdale et al. (1993) have recommended that modulus of elasticity of brick' masonry 
should be calculated as 

£. ( 3 . 4 ) 

where k lies between 500-600. FEMA-273 and proposed draft code IS.T905 (Rai, 2004) 
recommends value of k as 550, which is used for the modeling of stiffness of the infilled 
frames in this study. 


3.2 Modeling of Infills for Stiffness 

Stiffness of an infilled frame is very high until the boundary separation of infill 
occurs at the tension diagonal comers. The initial stiffness of the infilled firames may be 
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10 to 80 times that of the bare frame due to presence of infill [Bertero et al., 1983; 

Moghaddam et al., 1987], The separation between the infill panel and the confining frame 
depends upon their relative stiffness. As boundary separation occurs, only the portion of 
infill panel in contact with the confining frame takes part in the transfer of applied load. 
At this stage, the stiffness of the infill frame degrades and it is about 5 to 10 times that of 
the bare frame [Moghaddam et al., 1987]. This stiffness remains constant up to the 
appearance of diagonal cracking in the infill panel. After full diagonal cracking of the 
infill panel, it loses its stiffness and the stiffness of the infill frame depends only on that 
of the confining frame [as reported by Kumar, 2002]. 

Several macro models have been proposed to define stiffness of the infilled 
frames. However, single diagonal strut model is popular as compared to multi-diagonal 
model due to its simplicity. Infill panel is modeled as single diagonal strut cbilnected 
between two compressive diagonal comers. The diagonal stmt is assumed to be 
connected to the frame through pin connections at both ends. The modeling of infill panel 
as single diagonal stmt is based on the assumption that the masonry is very weak in 
tension and the bond strength at the panel-frame interface is very low. The length of a 
diagonal stmt is slightly longer than the actual diagonal length of the panel because of 
centre line modeling of frame. However, this difference is insignificant in most of the 
cases. The area of cross-section of the diagonal stmt is a function of the width of the 
stmt, as thickness of the stmt is taken equal to that of the infill panel. The accuracy in 
estimation of stiffness of infilled frame very much depends upon the assumed width of 
stmt. In this study, empirical relation proposed by Holmes (1961) is used for calculating 
the width of the stmt. Its suitability is supported by Mondal (2003). Mondal (2003) 
compared the stiffness calculated by modeling infill as single diagonal stmt using 
different width formulae with FEM analysis results. He found that Holmes width formula 
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is most accurate in case of infill panel with opening. Holmes empirical relation for 


calculating the width of the strut (w) is given below: 
d 

w = - (3.5) 


where is the diagonal length of the infill panel (not the length of strut). 

3.3 Modeling of Infllls for Strength and Deformation 

An infill panel strengthens the frame structure in both- lateral and vertical 
directions. For studying the overall seismic response of a building, only the in-plane 
lateral strength of the infill panels is of interest. The lateral strength of the infilled frame 
depends upon the strength of the infill panel and the confining frame. The modes of 
failures depend upon the materials used in the infill panel and the frame. For a strong- 
frame weak-infill structure, generally used in the construction of seismic resistant 
buildings, the failure takes place in masonry panel first and the possible modes of failures 
in masonry panel can be classified as (a) bond shear failure, (b) diagonal tension failure, 
and (c) compression failure. In case of weak-frame strong-infill, shear failure in the 
columns, or flexural failure in beams or columns takes place first followed by comer 
crushing of infill panels [Liauw et al., 1983]. 

The properties required to define the strut model depend on the type of analysis 
(linear elastic versus non-linear) and on the type of loading (monotonic, cyclic or 
dynamic). For linear elastic analysis, only the area and length of diagonal stmt and the 
modulus of elasticity are required whereas the force-displacement relationship of the 
material is also required for non-linear static analysis, and for non-linear dynamic 
analysis, hysteretic behavior of material needs to be specified. 


The strength of an infill panel depends on the mortar strength, compressive 
strength of bricks, and bond between these two materials. It also depends on the aspect 
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ratio of the panel and the contact length between the infill panel and the confining frame. 

In modeling, the strength properties of the infill panel are defined in terms of diagonal 

compressive stress-strain relationship or in terms of diagonal strength-deformation 

relationship. The stre'ngth-defoimation curve requires the strength and deformation 

capacity of the infill panel at various stages such as at boundary separation stage, at initial 

cracking stage, and at fully cracked stage. The strength-deformation relation of infill 

panel given by Reinhom et.al. (1995) is used in this study. 


The strength-deformation criterion proposed by Reinhom et al. (1995) is based on 
experimental and analytical studies; they developed a hysteretic model (Fig. 3.2) to 
describe the lateral strength-deformation relationship of masonry infill panel. The 
maximum lateral load required for complete crushing of infill panel and maximum 
deformation of infill panel are given as 


H„ = A, /„ cose < 


r. tl' 


(l - 0.45 tan e) 
0.S3 y,t I 


(3.6) 


w.. = • 


Ld 
COS 6 


(3.7) 


where / and /r are length and height of masonry panel, respectively; d is tarf^Ch! I )‘>Ad 
and Ld are the cross-sectional area of diagonal stmt and effective length of diagonal band 


respectively, which depends upon the length of contact between the infill panel and the 
surrounding frame; Ts is 2.5fs and fs is basic shear strength of masonry that is calculated by 
Equation 3.1; Sm is the maximum strain in the infill panel; y, is load factor for shear 


strength of masonry, which is taken equal to 1.5 in the present study; and 0 is sloping 
angle of masonry diagonal stmt at shear failure. The procedure for calculation of Ad, Ld, 



Chapter 3: Nonlinear Pushover Analysis 27 

and 9 are given by Saneinejad et al. (1995). They also defined the initial stiffness of 


infill panel {Kl) and related to the lateral yield force and lateral yield displacement 
{uy) for the infill panel as 

(3.8) 

^ )/(l - k) (3.9) 

(3.10) 

where k is the stiffness degradation ratio, which is taken equal to 0.1. Based on these 
expressions, the idealized axial force-deformation curve for infill panel [Das, 2000] is 
shown in Fig. 3.3. The yield force (Py), maximum force (P„), yield displacement (Sy) and 
maximum displacement (S„) for axial force-deformation relationship of the diagonal stmt 
are defined by 


P^=H/cos9' 
P_ = H J cos6 
d^. = cos 6 
cos 6 

mm j 


(3.11) 


Stmt hinge properties are calculated using computer program developed by 
Dasgupta [Dasgupta, 2000], which is based on Reinhom et al. (1995) and Saneinejad et 
al. (1995). 

3.4 Hinge Properties of Members 

One of the essential requirements for nonlinear analysis is to define the hinge 
properties for each member. These properties are flexural, shear, and axial capacity of the 
members in the nonlinear region. A member may have more than one hinges at one 
location; and one member may have hinges at more than one locations. The hinge 
properties are defined in terms of moment-rotation {M-6) curve, axial force-moment 
interaction {P-M) curve, and shear force-shear deformation V-d curve. M-6 curve for 
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beams and columns are obtained using computer program PM_INT [Dasgupta, 2000]. 

The program uses the stress-strain model for confined concrete as per Razvi et al. (1999) 

(Fig. 3.4). For the stress-strain curve for HYSD bars, the program assumes the ultimate 

stress as 1.25 times yield stress and ultimate strain as 14.5% (Fig. 3.5). The idealized 

curve for moment-rotation relationship for frame members is shown in Fig. 3.6 and that 

for axial force-moment interaction relationship for columns is shown in Fig. 3.7. Flexural 

and axial hinge properties of frame-A and frame-B are listed in Table 3.1 to Table 3.6. In 

idealized moment rotation curve (Fig. 3.6), residual strength after reaching ultimate 

moment is taken as 20% of yield moment and dmax is taken as 1 .5du- 

The shear strength capacity of beams and columns is taken as per the 

recommendations of ATC-40 and" FEMA-273. The ultimate shear capacity of frame 

members is given by 

K=K+K ( 3 . 12 ) 

where K and P'c are the shear strength capacity of reinforcing bars and concrete 
respectively, which are calculated for normal-weight aggregate concrete in the regions of 
low ductility as 




0.6s 


(3.13) 


V, =3.5 b J 


1 + 

V 2000^,, 




(3.14) 


where Pu is the axial compressive force in the member which can be neglected in case of 
beams; A^h and fyh are the area of cross-section and yield strength of the shear 
reinforcement, respectively; Ag is the gross sectional area of the member; and d are the 
width of web and effective depth of the member, respectively; and ^ is the spacing of 
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shear stirrups. The ultimate shear deformation of frame members to define V-5 relation 


for frame members is given by 


5.. =■ 


GJA^/L) 


(3.15) 


where L is the length of the member and Gc is the shear modulus of rigidity, defined as 


G.. = 


2(1 + vj 


(3.16) 


where Ec and v_. are the Young’s modulus of elasticity and Poisson’s ratio for concrete, 

respectively. The V-5 relation for frame member can be idealized using Table 6.7 of 
FEMA-273 (Fig. 3.8). 5,,, is taken as four times of 5u. 

Shear hinge is not formed in the models of this study when beams and columns 
are detailed as per ductile detailing code IS: 13920. It is verified by performing pushover 
analysis after assigning shear hinges in frame-A, designed for zone II and detailed as per 
IS: 13920. Therefore, to save computational efforts, shear hinges are assigned in frame-A 
and frame-B in design case GRAY only, wherein frames are designed for gravity loads 
only and detailed as per IS:456. Shear hinge properties of frame-A and ffame-B of 
GRAY design case are listed in Table 3.9 and Table 3. 10. 

3.5 Location of Plastic Hinges 

Lateral loading generally leads to hinge formation near the end of a frame 
member. However, inelastic deformations may occur at other locations, especially when 
large gravity loads are present. Several experiments indicate that hinges in the frame 
members form near the joints and not exactly at the joint. It is assumed that these plastic 
hinges in the frame members form at a distance equal to half the average plastic hinge 
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length //,, from the member ends. The plastic hinge length is calculated using Baker’s 


formula [Park and Pauley, 1975]: 

( z\ 

lp=0M,k^-c (3.17) 

\d J 

Where z is the distance of critical section to the point of contraflexure, c is the neutral 
axis depth at the ultimate moment; d is effective depth of the section; ki is taken as 0.7 
for mild steel and 0.9 for HYSD steel; and k} is given by 

0.6 > 44 MPa 

/tj =J 0.6 + 0.01(44 -/J 44 MPa </,,< 14.6 MPa , (3.18) 

0.9 14.6 MPa 

where fck is 28-days characteristic cube strength of concrete. Ip for beams and columns are 
obtained using computer program PM_INT [Dasgupta, 2000], which also gives M-6 
curve. The locations and type of the plastic hinges in the various members of an infilled 
frame are shown (Fig. 3.9). Plastic hinge in beam is assigned at a distance of keam from 
centre line dimension and it is calculated as 

lbeam~0.5(lp'^Dcolumn) 

In columns, plastic hinge is assigned at a distance of Icoiumn from centre line dimension 
and it is calculated as 

lcolumn~0.5(lp'^Dbeam) (3.20) 

where Ip is plastic hinge length calculated as per Equation 3.18 for beams and columns, 
D column and Dbeam ate depth of column and beam, respectively. 

3.6 Loads and Load Combinations 

Nonlinear static pushover analysis is done under displacement-controlled 
arrangement, in which target displacement is assigned generally in term of roof 
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displacement. Lateral loads on the models are applied at each floor levels in the ratio of 

that applied at the roof level. In displacement-controlled pushover analysis, the ratio in 
which the loads are applied at floor levels alters the response of structures. In this study, 
inverted triangular lateral load pattern is applied. These lateral loads are applied at beam- 
column joints at each floor level with the combinations of gravity loads. During the 
earthquake, dead load is acting on the frame and imposed load may or may not be present 
fully. Therefore, lateral loads are applied in combination with full dead load plus 25% 
imposed load in this study. 

3.7 Pushover Analysis and Pushover Curve 

After assigning all properties of the models, the displacement-controlled pushover 
analyses of the models are carried out. The models are pushed in monotonically 
increasing order until target displacement is reached or structure loses equilibrium; 
whichever occurs first. For this purpose, target displacement at roof level and number of 
steps in which this displacement must be applied, are defined. In this study, target 
displacement is taken as 4% of building height. The global response of structure at each 
displacement level is obtained in terms of the base shear versus roof displacement. The 
parameters useful for design purpose such as axial force, shear force, moments, 
deflection, etc., for any member can he obtained by this analysis. Pushover curve is a 
base shear force versus roof displacement curve. The peak of this curve represents 
maximum lateral load carrying capacity of the structure; the initial stiffness of the 
structure is obtained from the tangent at pushover curve at zero load level. The collapse is 
assumed when structure loses its 75% strength and corresponding roof displacement is 
called “maximum roof displacement”. 



Chapter 4 


Results and Discussions 

4.0 General 

The two RC frames are designed for different seismic zones and pushover 
analysis is performed for bare, stilt, and infill frames as per the procedures described in 
the previous chapter. The base shear versus roof displacement, termed is as pushover 
curve, is obtained for all these cases. Also the pushover curve is obtained for stilt frames, 
wherein ground story is designed for higher forces to assess the efficacy of provisions of 
18:1893-2002. The effect of infill walls, modeled as single diagonal stmt, on the seismic 
response of the frames is studied through different response quantities particularly lateral 
strength, lateral stiffness (hereafter referred as strength and stiffness, respectively), and 
maximum roof displacement. Sequence of formation of hinge mechanism is observed in 
frames designed for different zones. Strength of frames is expressed as a percentage of 
corresponding seismic weights (%W) while roof displacement is expressed in terms of 
percentage of the respective frame height (%H). When any hinge is in strain hardening 
region, it will be described as yielding (shown in figures as solid circles) and just after 
ultimate moment/force, it will be assumed to have failed (shown in figures as rings). 

The behavior of 3-story frame-A and 5-story frame-B are generally different in all 
the design cases. The ground story height of frame-B is 4.2 m whereas height of all upper 
stories is 3.0 m. Therefore, ground story of frame-B is flexible compare to the upper 
stories, as column size is same in all stories. On the other hand, height of each story is 

3.0 m in frame-A. Overstrength factor is calculated as ratio of maximum strength to 
design base shear (when designed for earthquake load also), and values are tabulated in 
Table 4.5. Column-overstrength factor (COF) is defined here as ratio of flexural strength 
of column and minimum (out of sagging and hogging) flexural strength of beam. 
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Column-overstrength factor of both frames are give in Table 4.5, where Myc and Myb are 
yield moments of column and beam, respectively. 

4.1 Design Case GRAV 

In this design case, frames are designed for only gravity loads, i.e., dead loads 
plus imposed loads, and detailed as per IS:456 (ordinary detailing). Pushover curves of 
frame-A and frame-B are shown in Fig. 4.1 and Fig. 4.2, respectively, while locations of 
hinges at failure are shown in the Fig. 4.17 and Fig. 4.18. 

4.1.1 Bare Frames 

The strength of frame-A and frame-B are 6.9%W and 9.1%W, respectively while 
their stiffnesses are 5.2 and 3.5 kN/mm in the same order. Maximum roof displacements 
reached before collapse, are 1.73%H and 1.1 6%H, respectively. Their ductility is about 5. 
In frame-A, all the beams yield first before the yielding starts in ground story columns at 
a roof displacement of 0.54%H. However, frame collapsed due to failure of ground story 
columns as being less ductile compare to beams (Table 3.1 and Table 3.3). Upper two 
story columns are intact [Fig. 4. 17(a)]. In frame-B, after the hinge formation in the beams 
of first and second floors, yielding occurs at the base of ground story columns at 0.33%H 
roof displacement. Yielding spreads in upper floor beams also except at the roof. Hinges 
form in first story columns also. The frame collapsed due to failure of first floor beams 
[Fig. 4.18(a)]. 

4.1.2 Stilt Frames 

The strength of frame-A and frame-B are 15.2%W and 14.9%W, respectively 
whereas their stiffnesses are 21.5 and 9.6 kN/mm, respectively. Maximum roof 
displacements reached before collapse, are 0.95%H and 0.64%H, respectively. Their 
ductility are 5.1 and 4.4, respectively. In frame-A, yielding initiates in first story strut 
then soon ground story column and first floor beam yield at a very low roof displacement 
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of 0.1 8%H. The first story strut fails at 0.56%H roof displacement and then yielding 
propagates in third story. The ground story columns fail at a roof displacement of 
0.94%H, and frame collapses thereafter due to failure of ground story columns 
[Fig. 4.17(b)]. About half of the total drift occurs in ground story at collapse. Top story 
beam and columns are intact. In frame-B, yielding initiates at the base of ground story 
columns at a roof displacement of 0.12%H. All columns other than ground story and all 
beams except first floor are intact and the frame collapsed due to failure of ground story 
columns [Fig. 4.18(b)]. Ground story drift is 82% of roof displacement at collapse i.e. a 
major part of total defonnation is concentrated in the ground story and therefore, inelastic 
deformation is mainly confined to this story. 

4.1.3 Infill Frames 

The strength of frame-A and fraime-B are 2I.3%W and 49.0% W, respectively; 
maximum roof displ,acements reached before collapse are 1.05%H and 0.67%H 
correspondingly. Their stiffnesses are 41.6 and 27.2kN/mm, respectively and ductility 
are 7.7 and 4.0, respectively. In frame-A, yielding starts from grotmd story strut and 
gradually spreads in upper story struts, then first floor beam yields. The ground story 
columns yield at their base at a roof displacement of 0.35%H whereas second floor beam 
at 0.48%H. At a roof displacement of 0.62%H, struts of the bottom two stories failed and 
subsequently yielding occurs in second story columns. The frame collapses at a roof 
displacement of 1 .05%H due to failure of ground story columns while top story beam and 
columns are undamaged [Fig. 4.17(c)]. In frame-B, a few of the bottom two stories struts 
yield first, and then ground story exterior column yields at 0.14%H roof displacement. At 
0.36%H roof displacement, yielding propagates in ground story interior column, beams 
of bottom two floors and to the second and third story struts. The first story stmts failed 
before the grounds stmts at 0.52%H and consequently, yielding was initiated in first story 
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interior column and soon all three columns of first story yield. The firame collapses at 
0.67%H roof displacement due to first story columns failure [Fig. 4.18(c)]. At collapse, 
about half of the total drift is confined to first story while in ground story it is only 16%. 
4.1.4 Comparison 

Strength increment due to infills in stilt frame-A and frame-B are 8.3%W and 
5.8%W, respectively, i.e., strength of stilt frame-A and fi-ame-B are 2.2 and 1.6 times the 
strength of the corresponding bare frames. On the other hand, strength contribution of 
infills in infill frame-A and frame-B are 14.5%W and 39.9%W, i.e., 3.1 and 5.4 times 
that of the respective bare frames. Contribution of infills towards the total strength of stilt 
and infill frame-A are 55% and 68%, respectively, whereas contribution of infills in stilt 
and infill frame-B are 39% and 81%. This shows that RC frame is weak as compared to 
the infill panel. Strength enhancement in stilt frame-B due to infill is not as significant as 
in frame-A [Fig. 4.2 and Fig. 4.1]. Because in frame-B, struts do not play any major role, 
most of the struts are intact even at collapse of frame; and frame collapsed due to failure 
of ground story columns. Upper stories moved as a single unit without any considerable 
deformation. Therefore, its behavior is like single story bare frame. 

Deformation capacity of infill and stilt frames drastically decreases due to 
presence of infill, which is apparent from Fig. 4.1 and 4.2. Deformation capacities of stilt 
and infill frames are 55% and 60% of that of respective bare frames. Stiffnesses of stilt 
frame-A and frame-B are 4.1 and 2.8 times the corresponding bare frame stiffnesses. 
However, stiffnesses of infill frames are 8 times the corresponding bare frames. Ductility 
is increased due to presence of infill in frame-A, though this increment in stilt frame is 
negligible. Conversely, ductility is decreased 8 to 17% in frame-B due to infills. 

The bare frames are quite flexible and ductile compare to stilt and infill frames, 
despite the fact that the detailing is nonductile or ordinary [Fig. 4. 1-4.2]. The strength 



Chapter 4: Results and Discussions 


36 


and stiffness of stilt and infill are significantly enhanced because of infill while 
deformation capacity is drastically reduced. The frames that collapse owing to failure of 
ground story columns are bare, stilt, infill frame-A, and stilt firame-B. Although bare 
frame-B collapses due to failure of first floor beams and infill ffame-B due to first story 
columns failure. 

4.2 Design Case EQ2 

In this design case, frames are designed for dead loads, imposed loads, and 
earthquake load for zone II; detailed as per IS.T3920 (ductile detailing). Pushover curves 
of frame-A and frame-B are shown in Fig. 4.3 and Fig. 4.4, respectively, while locations 
of hinges at failure are shown in the Fig. 4.19 and Fig. 4.20. 

4.2.1 Bare Frames 

The strength of frame-A and frame-B are 10.7%W and 14.0% W, respectively, 
while their stiffnesses are 8.1 and 4.8 kN/mm correspondingly. Maximum roof 
displacements reached before collapse, are 3.38%H and 1.96%H, respectively. Their 
ductility are 9.7 and 8.8, respectively. In frame-A, yielding starts from first floor beam 
and spreads in upper floors beams. Yielding initiates in column at a roof displacement of 
0.45%H in ground story. Beams begin to lose strength at a roof displacement of 2.66%H 
and fail at 3.38%H. A desirable strong-column weak-beam hinge mechanism is formed, 
owing to high column-overstrength factor 2.7 (Table 4.5) and higher ductility in columns 
compare to beams i.e. 1.6 times (Table 3.1 and Table 3.3). At collapse, all the three 
beams fail, yet upper two stories columns are intact; only ground story columns yield 
[Fig. 4.19(a)]. 

In frame-B, yielding starts from first floor beam; and spread in upper floors beams 
and ground story columns. Hinge formation begins in column at a roof displacement of 
0.25%H. At collapse, yielding is quite evenly distributed in bottom three stories while 
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upper two stories are almost undamaged. First floor beams starts to lose strength at 
1 .90%H and consequently, frame fails at 1.96%H roof displacement. Frame collapses due 
to first floor beams failure [Fig. 4.20(a)]. Ground story columns yield, but do not fail at 
even collapse. Frame fails in beam hinging mechanism due to high column-overstrength 
factor 1.3 (Table 4.5) and higher ductility in columns compare to beams i.e. 2 times 
(Table 3.5 and Table 3.7). 

4.2.2 Stilt Frames 

Strength of frame-A and frame-B are 19.0%W, and 18.4%W, respectively and 
deformation capacity are 2.09%H and 1.47%H correspondingly. Their stiffnesses are 
28.5 and 12.3 kN/mm, respectively and ductility are 11.7 and 10.6 correspondingly. In 
frame-A, first yield is observed in first story strut; and ground story columns and first 
floor beam yield at roof di.splacement of 0.20%H. At a roof displacement of 0.52%H, 
first story strut fails, and hinges form in second floor beam and top story stmt. First floor 
beam starts losing strength at 1.76% H drift, soon ground story columns fail; and as a 
result, frame collapses. Bottom two stories become soft and weak after failure of first 
floor stmt, and consequently drift of these two stories increases considerably. Drift of 
ground story and first story are 44% and 43% of the total drift at failure. However, top 
story drift is only 13% of the total drift as top story columns and top floor beam are intact 
[Fig. 4.19(b)]. 

In frame-B, yielding initiates first at the base of ground story column at 0.1 0%H 
roof displacement and hinge forms at both ends of all three columns of ground story 
while all other members are intact at a roof displacement of 0.1 9%H. However, yielding 
spreads in few struts of upper stories and first floor beam before collapse. Frame fail due 
to failure of ground story columns. Ground story drift is 88% of the total drift at collapse, 
as hinges are mainly confined in this story [Fig. 4.20(b)]. ■ ' • 
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4.2.3 Infill Frames 

Frame-A and frame-B show ‘24.3% and 51.9%W strength, respectively and 
maximum roof displacements undergo before collapse are 2.10%H and 1.12%H in the 
same order. Their stiffnesses are 45.0 and 30.9 kN/mm, respectively and ductility are 
14.6 and 7.3 correspondingly. In frame-A, yielding propagates in order from bottom story 
strut to top story strut. All the three struts yield at a roof displacement of 0.16%H. In the 
next step, hinge form in the beams of bottom two floors and ground story column at a 
roof displacement of 0.33%H. Bottom two struts fail at 0.62%H and first floor beam 
starts losing strength at 1.78%H roof displacement. When roof displacement reaches 
2.08%H, bottom story columns starts degrading and finally at 2.10%H frame collapsed. 
Top story beam and columns are intact [Fig. 4.19(c)]. 

In frame-B, yielding begins in first story strut then spreads in ground and second 
story struts. Yielding initiates in column at a roof displacement of 0.12%H in ground 
story exterior column. In the next step, first floor beam and interior column of ground 
story yield at 0.29%H drift. At a drift of 0.47%H, yielding propagates in first and second 
stories columns, beams, and upper stories struts. First story drift increases rapidly after 
failure of first story struts. Finally, frame collapses due to failure of first story columns at 
1.1 6%H roof displacement [Fig. 4.20(c)]. First story drift is about two-third (62%) of 
roof displacement at failure. 

4.2.4 Comparison 

Strength increment due to infills in stilt frame-A and frame-B are 8.4%W and 
4.4%W, respectively i.'e. strength of stilt frame-A and frame-B are 1.8 and 1.3 times the 
corresponding bare frame strengths. On the other hand, strength contribution of infills in 
infill frame-A and frame-B are 13.7%W and 37.9%W i.e. 2.3 and 3.7 times respective 
bare frames. Contribution of infills in the total strength of stilt and infill frame-A are 44% 
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and 56%, respectively, whereas infills contribution in stilt and infill frame-B are 24% and 
73%. Deformation capacity of infill and stilt frames considerably decreases due to 
presence of infill, which is apparent from Fig. 4.3 and 4.4. Deformation capacity of stilt 
and infill frame-A is 62% of bare frame. While deformation capacities of stilt and infill 
frame-B are 74% and 56% of bare frame. Stiffnesses of stilt frame-A and frame-B are 3.5 
and 2.6 times the corresponding bare frame stiffnesses. However, stiffnesses of infill 
frame-A and frame-B are 5.5 and 6.4 times the corresponding bare frames. Overstrength 
factors of bare, stilt, and infill frame-A are 4.3, 7.6, and 9.7, respectively, while for 
frame-B is 5.6, 7.4, and 20.8 in the same order. Ductility is increases about 20% due to 
infill in both stilt frames. Ductility is increased about 50% in infill frame-A, whereas 18% 
decrease in infill frame-B owing to infills. 

4.3 Design Case EQ3 

In this design case, frames are designed for dead loads, imposed loads, and 
earthquake loads for zone III; and detailed as per 18:13920 (ductile detailing). Pushover 
curves of frame-A and frame-B are shown in Fig. 4.5 and Fig. 4.6, respectively, whereas 
locations of hinges at failure are shown in the Fig. 4.21 and Fig. 4.22. 

4.3.1 Bare Frames 

The strength of frame-A and frame-B are 15.3%W and 16.9%W, respectively, 
while their stiffnesses are 11.1 and 6.7 kN/mm, respectively. Their deformation 
capacities are 2.88%H and 1.33%H, respectively and ductility are 9.0 and 5.7 in the 
same order. In frame-A, first yielding is observed in first floor beam, which propagates to 
second floor beam. Yielding starts in column at the base of ground columns at a roof 
displacement of 0.45%H. Subsequently, yielding propagates to top story beam. In the 
next step, first floor beam fails at 2.55%H roof displacement and second floor beam at 
2.66%H. Finally, frame fails when top floor beam fails at 2.88%H roof displacement. 
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Upper two stories columns are having no hinge formation and even ground story columns 
do not fail, but yield [Fig. 4.21(a)]. A perfect strong-column weak-beam hinge 
mechanism is formed, due to high column-overstrength factor 2. 1 (Table 4.5) and higher 
ductility in columns compare to beams i.e. 1.7 times (Table 3.1 and Table 3.3). 

In frame-B, yielding starts from first floor beam and subsequently, yielding 
occurs in second floor beams and ground story columns at a 0.22%H roof displacement. 
Hinges form in third floor beam and first story column at 0.36%H roof displacement. In 
the next step, yielding occurs in second story column at 0.52%H roof displacement. At a 
roof displacement of 1.1 0%H, first floor beam starts losing strength and frame collapses 
at 1.33%H, when first floor both beams fail completely. Upper two stories are completely 
undamaged [Fig. 4.22(a)]. Frame fails in beam hinging mechanism, due to higher 
ductility in columns compare to beams i.e. 2.6 times (Table 3.5 and Table 3.7) and higher 
column strength compare to beam. 

4.3.2 Stilt Frames 

Strength of frame-A and frame-B are 22.7%W and 18.7%W, respectively. Their 
deformation capacities are 1.99%H and 1.45%H roof displacement, respectively. 
Stiffness of frame-A is 30.6 kN/mm and that of frame-B is only 14.5 kN/mm. Ductility of 
frame-A and frame-B are 15.7 and 12.1 correspondingly. In frame-A, yielding spreads 
from first floor strut to first floor beam and top story strut. Yielding initiates in columns 
from ground story at 0.26%H roof displacement. At a roof displacement of 0.5 1%H, first 
floor strut fails and consequently, bottom two stories drift increases suddenly due to 
becoming weak and soft story. Yielding spreads in first story columns at 0.87%H. First 
floor beam begins losing strength at 1.76%H and ground story column at 1.99%H and as 
a result, frame fails. Bottom two stories become soft and weak after failure of first floor 
strut, and consequently drift of these two stories increases significantly. Drift of ground 
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story and first story are 44% and 43% of the total drift at failure. However, top story drift 
is only 13% of the total drift as top story columns and top floor beam are intact 
[Fig. 4.21(b)]. 

In frame-B, yielding begins from the base of ground story columns at 0.09%H 
roof displacement and spreads to upper ends of ground story columns at 0.15%H. Upper 
stories struts and first floor beam yield; and ground story column starts losing strength at 
1.36%H roof displacement and finally, frame collapse at 1.45%H due to failure of ground 
story columns. Ground story drift is 89% of the total drift at collapse, as hinges are 
mainly confined in this story [Fig. 4.21(b)]. 

4.3.3 Infill Frames 

Strengths of frame-A and frame-B are 27.9%W and 53.2%W, respectively. 
Maximum roof displacement, they sustain are 1.99%H and 1.1 1%H, respectively. Their 
stiffnesses are 47.6 and 32.5 kN/mm in the same order, whereas their ductility are 19.8 
and 7.3, respectively. In frame-A, hinge formation starts from ground story strut and 
propagates to upper stories struts and first floor beam. In the next step, first floor beam 
yields. Yielding initiates in columns from ground story at a 0.34%H roof displacement. 
First floor strut fails at 0.47%H roof displacement. However, ground story strut fail at a 
higher displacement of 0.59%H. Yielding occurs in first story columns at 0.87%H. At a 
roof displacement of 1 .76%H, first floor beam begins losing strength; and ground story 
columns also starts losing strength and as a result frame fail at 1.99%H. Top story beam 
and columns are intact [Fig. 4.21(c)]. 

In frame-B, yielding starts from first floor strut and subsequently spreads in lower 
and upper stories struts. Yielding starts in columns from ground story at a 0.12%H roof 
displacement. In the next step, yielding spreads in upper stories stmts and beams. Hinge 
forms in first story column at a roof displacement of 0.36%H. First story stmt fails at 
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0.54%H roof displacement and subsequently, many other struts also fail. Yielding 
propagates to even top story beams, yet upper two stories columns are undamaged. Frame 
collapse due to failure of ground story column [Fig. 4.22(c)]. 

4.3.4 Comparison 

Strength increment due to infills in stilt frame-A and frame-B are 7.4%W and 
1.8%W, respectively i.e. strength of stilt frame-A and frame-B are 1.5 and 1.1 times the 
corresponding bare frame strengths. On the other hand, strength contribution of infills in 
infill frame-A and frame-B are 12.5%W and 36.3%W i.e. 1.8 and 3.1 times respective 
bare frames. Contribution of infills in the total strength of stilt and infill frame-A are 10% 
and 45%, respectively. While infills contribution in stilt and infill frame-B are 39% and 
68%. Deformation capacity of stilt and infill frame-A is 69% of bare frame. However, 
deformation capacity of stilt frame-B is slightly more than that of bare frame, whereas 
deformation capacity of infill frame-B is less than that of bare frame. Stiffnesses of stilt 
frame-A and frame-B are 2.8 and 2.2 times the corresponding bare frame stiffnesses. 
However, stiffnesses of infill frame-A and frame-B are 4.3 and 4.8 times the 
corresponding bare frames. Overstrength factor of bare, stilt, and infill fi-ame-A is 3.8, 
5.7, and 7.0, respectively, while for frame-B is 4.2, 4.7, and 13.3 in the same order. 

In frame-B, pushover curves of stilt and infill frames coincide after failure of 
struts. In both frames, there is considerable base shear drop due to failure of struts. Infill 
frame-B shows quite similar behavior. However, bare and stilt frame-B shows ductile and 
flexible behavior. Stilt frame-B behaves like bare frame, because mainly ground story 
takes part in load bearing while upper potion is intact almost. Due to same reason, its 
strength is also quite close to bare frame. Both bare frames fail in beam hinging 
mechanism. However, both stilt frames collapse due to formation of story mechanism in 
bottom story in spite of high column-overstrength factor and more ductility in columns 
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compare to beams. In infill frames collapse due to columns failure mainly, but beam 
failure also contributes. 

4.4 Design Case EQ5 

In this design case, frames are designed for dead loads, imposed loads, and 
earthquake load for zone V; and detailed as per IS: 13920 (ductile detailing). Pushover 
curve of frame-A and frame-B are shown in Fig. 4.7 and Fig. 4.8, respectively, whereas 
locations of hinges at failure are shown in the Fig. 4.23 and Fig. 4.24. 

4.4.1 Bare Frames 

The strength of frame-A and frame-B are 36.1%W and 35.2%W, respectively 
while their stiffnesses are 19.1 and 13.2kN/mm, respectively. Maximum roof 
displacements reached before collapse, are 2.79%H and 1.36%H, respectively. Their 
ductility is same that is 5.5. In frame-A, yielding starts from ground story column at a 
roof displacement of 0.40%H and yielding occurs in first floor beam at 0.47%H. Yielding 
propagates to second floor beam at 0.57%H. In the next step, hinge forms in top story 
beam and first story column at 1.1 8%H. Frame is further pushed and as a result, ground 
story column starts losing strength and top story column yields at 2.76%H. Finally, frame 
collapses at 2.79%H due to failure of ground story columns. Hinges are distributed in all 
stories. 

In frame-B, hinging initiates from ground story column at 0.17%H roof 
displacement and gradually spreads in other ground story columns and first floor beams. 
At a roof displacement of 0.62%H, yielding occurs in first story column and first floor 
beam. In the next step, ground story column starts losing strength and yielding occurs in 
third floor beam at 1.21%H; and finally, frame falls down due to complete failure of 
ground story columns at 1.36%H. Hinge is mainly confined to bottom two stories; only 
one beam of third floor yields. 
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4.4.2 Stilt Frames 

Strength of frame-A arid frame-B are 37.5%W, and 35.5%W, respectively and 
deformation capacity are 2.07%H and I.05%H correspondingly. Their stiffiiesses are 
41.7 and 23.9kN/mm, respectively and ductility are 8.6 and 7.6 correspondingly. In 
frame-A, yielding begins from first story strut and propagates to top story strut. Hinge 
formation initiates in columns from ground story at a roof displacement of 0.3 2%H. hi 
the next step, first floor beam yields at 0.43%H roof displacement and soon first story 
strut fails. Yielding occurs in second floor beam at a roof displacement of 0.67%H. 
Ground story columns starts losing strength at 2.02%H roof displacement and frame falls 
down at 2.07%H. Bottom two stories become soft and weak after failure of first floor 
strut, and consequently drift of these two stories increases significantly. Drift of ground 
story and first story are 44% and 42% of the total drift at failure. However, top story drift 
is only 14% of the total drift as top story columns and top floor beam are intact 
[Fig. 4.23(b)]. 

In frame-B, yielding starts from ground story columns at only 0.1 0%H roof 
displacement; and then it propagates to other ground story columns and first story struts. 
Strut of second story yields at 0.60%H roof displacement. Ground story column starts 
losing strength at 1.01%H and finally, frame fails at 1.05%H roof displacement. The 
beams and columns of upper four stories are intact. However, upper stories struts yield. 
Ground story drift is 84% of the total drift at collapse, as hinges are mainly confined in 
this story [Fig. 4.24(b)]. 

4.4.3 Infill frames 

Strengths of frame-A and frame-B are 42.7%W and 68.7%W, respectively. 
Maximum roof displacement, they sustain are 2.07%H and 1.25%H, respectively. Their 
stiffnesses are 54.8 and 40.2 kN/mm in the same order, whereas their ductility are 10.0 
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and 7.9, respectively. In frame-A, yielding begins from first story strut. In the next step, 
yielding propagates to other struts and ground story columns at 0.37%H roof 
displacement. At a roof displacement of 0.46%H, first floor beam yields. Struts of first 
and ground story fail at a roof displacement of 0.48%H and 0.54%H, respectively. 
Yielding spreads to second floor beam and second story columns at 0.66%H and 0.88%H 
roof displacements, respectively. At a roof displacement of 2.03%H, column of ground 
story starts losing strength and frame fall down at 2.07%H roof displacement. However, 
top story beam and columns suffer no damage. 

In frame-B, yielding starts from first story strut and soon, bottom three stories all 
struts yield. Yielding initiates in columns from ground story at a roof displacement of 
0.21 %H. Beams of first floor yield at 0.29%H roof displacement. Yielding propagates to 
upper stories; hinge forms in first story column at 0.32%H roof displacement. Yielding 
occurs in struts of upper stories, while few struts of bottom two stories fail. 

4.4.4 Comparison 

Strength increment due to infills in stilt frame-A and frame-B are 1.5%W and 
0.3%W, respectively. On the other hand, strength contribution of infills in infill frame-A 
and frame-B are 6.6%W and 33.5%W i.e. 1.2 and 2.0 times the respective bare frames. 
Contribution of infills in the total strength of stilt and infill frame-A are 4% and 16%, 
respectively, whereas infills contribution in stilt and infill frame-B are 1% and 49%. This 
shows that contribution of infills in the strength of stilt frame is negligible as frame is 
quite strong compare to infills. Deformation capacity of infill and stilt frames 
considerably decreases due to presence of infill, which is apparent from Fig. 4.7 and 4.8. 
Deformation capacity of stilt frame-A, infill frame-A, and stilt frame-B is about 75% of 
respective bare frame, while that of infill frame-B is 92% of bare frame-B. Stiffnesses of 
stilt frame-A and frame-B are 2.2 and 1.8 times the corresponding bare frame stiffnesses. 
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However, stiffnesses of infill frame-A and frame-B are 2.9 and 3.0 times the 
corresponding bare frames. Overstrength factors of bare, stilt, and infill frame-A are 4.0, 
4.2, and 4.7, respectively, while for frame-B is 3.9, 3.9, and 7.6 in the same order. 
Ductility is increases about 60-80% due to presence of infill in frame-A., whereas 
increase in frame-B is 40%. 

4.5 Design Cases EQC3 and EQCB3 

These two cases are related to stilt frames, in which some preventive measures are 
taken to avoid formation of story mechanism in the ground story of such buildings; and 
effectiveness of these measures is evaluated. 

4.5.1 Design Case EQC3 

In fact, this is a special case of stilt frame of EQ3 design case. Ground story 
columns of stilt frame of EQ3, is redesigned for 2.5 times bare frame forces. Each 
member of this design case is same as in EQ3 case except ground story columns. No 
infill and bare frame is studied in this case, only stilt frames. Strength of frame-A and 
frame-B are 34.1%W (818.4 kN) and 40.9%W (613.5 kN), respectively, and deformation 
capacity are 2.45%H and 1.03%H in the same order. Their stiffnesses are 49.9 and 
22.8 kN/mm, respectively; ductility are 13.4 and 6.2 in the order. 

In frame-A, yielding begins from strut of first story and propagates to strut of top 
story. At a roof displacement of 0.34%H, first floor and second floor beams yield. In the 
next step, strut of first floor fail at a 0.43%H. At 0.54%H roof displacement, yielding in 
columns starts from ground story and top floor beam also yields at same displacement 
level. Further, strut of. top story fails at 0.63%H roof displacement. Gradually, yielding 
propagates to first story column at 0.75%H and second floor beam starts losing strength 
at 1.82%H roof displacement. Finally, frame falls down at 2.45%H roof displacement. At 
collapse, upper two beams fail completely. Top story columns are intact [Fig. 4.25(b)]. 
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Ground story drift is only 3.6% of the total drift, which clearly indicates that stiffness of 
ground story is very high compare to that of upper stories, even at collapse. In the elastic 
range, stiffness of bottom story of frame-A is 170 kN/mm, while that of frame-A is about 
50 kN/mm. On the other hand, stiffness of bottom story of frame-B is 50 kN/mm, and 
that of frame-B is about 23 kN/mm. 

In frame-B, yielding starts from first floor beam and then propagates to struts of 
first story. Hinge forms in ground story column at a 0.1 8%H roof displacement. 
Gradually, yielding spreads to columns of first story at 0.29%H roof displacement. Strut 
of first story fails at a roof displacement of 0.4 1%H. At 0.94%H roof displacement, first 
floor beam starts losing strength. Consequently, frame fails but yielding is limited to 
bottom two stories and in the struts of second story [Fig. 4.26(b)]. Frame collapses due to 
failure of first floor beams and struts. Drift in bottom two stories is 88% of the total drift 
at collapse, as hinges are mainly confined in these two stories. 

4.5.2 Design Case EQCB3 

This is also a special case of stilt frame of EQ3 design case, in which ground story 
columns as well as first floor beams of stilt frame of EQ3, is redesigned for 2.5 times 
forces. Other than ground story columns and first floor beams, each element is same as in 
EQ3 case. No infill and bare frame is studied in this case, only stilt frames. Strength of 
frame-A and frame-B are 37.4%W and 51.9%W and deformation capacity are 2.24%H 
and 0.96%H. Their stiffnesses are 55.6 and 22.9 kN/mm; ductility are 12.5 and 4.6. 

In frame-A, hinge formation initiates from strat of first story and propagates to 
strut of top story. First and second floor beams yield at 0.30%H roof displacement. In the 
next step, strut of first story fails and top floor beam yields at 0.44%H roof displacement. 
First story columns yield at 0.54%H roof displacement. Top story strut fails at 0.56%H 
roof displacement. Further, second floor beam starts losing strength at 1.70/oH roof 
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displacement and top floor beam at 1.82%H. Finally, frame fails at 2.24%H roof 
displacement. However, ground story and top story columns are intact [Fig. 4.25(c)]. 
Frame collapses due to failure of upper floor beams. Ground story drift is only 2.4% of 
the total drift, which clearly indicates that stiffness of ground story is very high compare 
to that of upper stories, even at collapse. In the elastic range, stiffiiess of bottom story of 
frame-A is 212 kN/mm, while that of frame-A is 56 kN/mm. On the other hand, stiffness 
of bottom story of frame-B is 50 kN/mm, and that of frame-B is 23 kN/mm. 

In frame-B, yielding begins from strut of first story and propagates to strut of 
second story soon. Hinge formation starts in column from groimd story at 0.20%H roof 
displacement. In the next step, yielding spreads in first story columns and second story 
beams at 0.29%H roof displacement. Strut of first story fails at 0.42%H roof 
displacement. At 0.77%H roof displacement, both struts of first story fail and as a result 
first story drift increases excessively. Finally, second story columns, struts, and second 
floor beams fail and consequently, frame collapses. First story and second story damage 
heavily and hence most of drift is confined to these two stories. Upper two stories are 
intact. Drifts of ground and first story are 31% and 54% of the total drift at collapse. In 
other words, drift in bottom two stories is 85% of the total drift, as hinges are mainly 
confined in these two stories. 

4.5.3 Comparison 

Seismic performance of stilt frames of design case EQ3, EQC3, and EQCB3 is 
compared in terms of strength, stiffness, and deformation capacity. These three stilt 
frames are also compared with infill frame of EQ3 design case. Pushover curves of these 
four frames are shown in Fig. 4.9 and Fig. 4.10. Locations of hinges in stilt frames EQ3, 
EQC3, and EQCB3 at failure are shown in the Fig. 4.25 and Fig. 4.26. 
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Strength of infill frame-A in EQ3 case is 27.9%W and it reduces in case of stilt to 
22.7%W. Strength of stilt frame-A in EQC3 and EQCB3 are 34.I%W and 37.4%W. This 
shows that the strength deficiency due to absence of infills in ground story is over 
compensated by designing even only ground story columns for 2.5 times forces. On the 
other hand, strength of infill frame-B in EQ3 case is 53.2%W, which drastically reduces 
in stilt frame to 18.7%W. Strength of stilt frame-B in EQC3 and EQCB3 increase to 
40.9%W and 51.9%W. This implies that the strength deficiency in stilt frame-B compare 
to infill frame-B is nearly compensated, if bottom story columns and beams both are 
designed for 2.5 times forces. 

Stiffness of frame-A is reduces to 30.6 kN/mm from 47.6 kN/mm due to absence 
of infills in ground story in design case EQ3. Stiffness of stilt ffame-A in design case 
EQC3 and EQCB3 are 49.9 and 55.6 kN/mm, which are more than that of infill frame-A 
in EQ3. However, stiffness of stilt frame-B in EQC3 and EQCB3 are about 23 kN/mm, 
which is less than that of infill frame-B (32.5 kN/mm). 

Stilt frame-A of design case EQC3 and EQCB3 collapses due to failure of upper 
two floor beams, although ground story columns yield in EQC3 [Fig. 4.25]. In EQCB3, 
hinges are confined to upper two stories and as a result, deformation capacity is less than 
EQC3. Desirable mechanism of collapse is that all the beams should fail first then hinge 
should form at the base of ground story columns. So, designing first floor beam for 
higher forces reduces deformation capacity and confines the hinges in upper stories. In 
stilt frame-B, yielding occurs in ground story columns in both design case EQC3 and 
EQCB3. Designing first floor beams for higher forces, cause reduction in deformation 
capacity and columns of first story fails as ground story becomes quite stiff. Although, 
hinges propagates in upper stories by designing first floor beams for higher forces. 
Designing ground story columns for 2.5 times prevents the formation of column hinging 
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mechanism in the ground story; causes propagation of yielding in upper stories and 
enhances deformation capacity. However, designing columns and beams both for 2.5 
times forces is not seems to be appropriate due to above mentioned reasons. 

4.6 All Bare Frames 

Pushover curves of bare frames of design case GRAY, EQ2, EQ3, and EQ5 are 
shown in Fig. 4.11 and 4.12. Strength of bare frames-A of design cases GRAY, EQ2, 
EQ3, and EQ5 is 6.9%W, 10.7%W, 15.3%W, and 36.1%W, respectively; while that of 
frame-B are 9.1%W, 14.0%W, 16.9%W, 35.2%W in that order. Overstrength factor of 
frame-A are 4.3, 3.8, and 4.0 in design case EQ2, EQ3, and EQ5, respectively; whereas 
these values for frame-B are 5.6, 4.2, and 3.9 in that order. Strength increment in EQ2, 
EQ3 and EQ5 case compared to GRAY, in frame-A are 55%, 122%, and 423%, 
respectively; while in frame-B are 54%, 86%, and 287% in the same order. 

Maximum roof displacement of frame-A of design cases GRAY, EQ2, EQ3, and 
EQ5 is 1.73%H, 3.38%H, 2.88%H, and 2.79%H, respectively, whereas for frame-B are 
1.16, 2.00, 1.33, and 1.36. It is apparent from Fig. 4.11 and 4.12 that maximum roof 
displacement is quite low in GRAY case in both frames; and it deceases from EQ2 to 
EQ5. Low deformation capacity in GRAY case is obviously due to ordinary detailing and 
smaller sections in spite of very high column-overstrength factor. Column-overstrength 
(COF) factor decreases in higher seismic zones; consequently, frame having low COF 
fails in weak-column strong-beam mechanism and have low deformation capacity. Both 
frames in EQ2 and EQ3 collapse due to failure of beams, while both frames in EQ3 fail 
due to columns failure [Fig. 4.19-4.24]. Ductility of both frames in design case EQ2 is 
almost double than that of in GRAY case, whereas ductility of frame-A in EQ3 is 1.8 
times the ductility in GRAY case. However, increment in ductility in EQ5 is about 15% 
only compare to GRAY case. Stiffness increment in EQ2, EQ3, and EQ5 case compared 
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to GRAY, in frame-A are 55%, 111%, and 264%, respectively; while in frame-B are 
38%, 93%, and 279% in the same order. 

4.7 All Stilt Frames 

Pushover curves of stilt frames of design case GRAY, EQ2, EQ3, and EQ5 are 
shown in Fig. 4.13 and 4.14. Pushover curves of frame-A for all the design cases shows 
drop in base shear due to failure of strut's. On the other hand, pushover curves of frame-B 
for all design cases are similar to that of bare frames, i.e., flexible, ductile and without 
any drop in base shear due to strut failure. The alteration in seismic behavior due to infill 
is not significant in frame-B in all design. The ground story height of frame-B is 1.4 
times the height of stories above it. Consequently, ground story of stilt frame is quite 
flexible and weak compare to upper stories owing to the fact that column and beams are 
same in all stories. Most of the stmts of upper stories are intact or slightly damaged and 
frame collapses due to ground story columns failure. 

Strength increment due to infills is negligible due to the same reason. Strength of 
stilt frame-A of design cases GRAY, EQ2, EQ3, and EQ5 is 15.2%W, 19.0%W, 
22.7%W, and 37.5%W, respectively; while that of frame-B are 14.9%W, 18.4%W, 
18.7%W, and 35.5%W in the same order. Strength increment in EQ2, EQ3, and EQ5 case 
compared to GRAY, in frame-A are 26%, 50%, and 148%, respectively; while in frame- 
B are 23%, 26%, and 138% in the same order. Overstrength factor decreases for higher 
seismic zones, which is evident from Table 4.5. Overstrength factor of frame-A of design 
cases EQ2, EQ3, and EQ5 are 7.6, 5.7, and 4.2; whereas 7.4, 4.7, and 3.9 for frame-B in 
the same order. The contribution of infills in strength of frame-A in GRAY, EQ2, EQ3, 
and EQ5 are 55%, 44%, 33%, and 4%; while in frame-B 39%, 24%, 10%, and 1% in the 
same order. In other words, about half of the strength contribution is of infills in GRAY 
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case, whereas infills contribution is almost negligible in EQ5. Stiffness increments in 
seismic design cases compare to GRAY is 55-264% in frame-A and 38-279% in frame-B. 

In frame-A, deformation capacity in design case GRAV is less than 50% of 
deformation capacity in seismic design cases. Deformation capacity is almost equal for 
all the seismic design cases (Fig. 4.13). In frame-B also, deformation capacity is quite 
low in GRAV case compare to seismic design cases. Deformation capacity of frame in 
EQ5 is less than that in EQ2 and EQ3. Both frames in all design cases, collapse due to 
failure of ground story columns (Fig. 4.17 to 4.26). Ductility is least in GRAV case in 
both frames. It increases in seismic cases due to ductile detailing. However, least 
increment is in EQ5 case due to column hinging mechanism (Fig. 4.33-4.34). Ductility of 
both frames in design case EQ2 and EQ3 is more than twice than that of in GRAV case. 
However, increment in ductility in EQ5 is 50-70% compare to GRAV case. 

4.8 All Infill Frames 

Pushover curves of infill frames of design case GRAV, EQ2, EQ3, and EQ5 are 
shown in Fig. 4.15 and 4.16. Strength of infill frame-A of design cases GRAV, EQ2, 
EQ3, and EQ5 is 21.3%W, 24.3%W, 27.9%W, and 42.7%W, respectively; while that of 
frame-B are 49.0%W, 51.9%W, 53.2%W, and 68.7%W in the same order. Strength 
increment in EQ2, EQ3, and EQ5 case compared to GRAV, in frame-A are 14%, 31%, 
and 100%, respectively; while in frame-B are 6%, 9%, and 40% in the same order. 
Overstrength factor decreases for higher seismic zones, which is evident from Table 4.5. 
Overstrength factor of frame-A of design cases EQ2, EQ3, and EQ5 are 9.7, 7.0, and 4.7; 
whereas 20.8, 13.3, and 7.6 for frame-B in the same order. The contribution of infills in 
strength of frame-A in GRAV, EQ2, EQ3, and EQ5 are 68%, 56%, 45%, and 16%; while 
in frame-B 81%, 73%, 68%, and 49% in the same order. This means contribution of 
infills is more than two-third in GRAV case. 
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In frame-B, the strength of ground story struts is more than 1.6 times the strength 
of upper stories struts, due to more height. Design cases in which strength contribution of 
infills is considerable, ground story is more stiff and strong than first story. As a result, 
frame collapses due to first story failure instead of ground story in GRAY and EQ2 case. 
Deformation capacity of frame-A in GRAY case is about 1%H, whereas in seismic 
design cases it is about 2%H. In frame-B, deformation capacity is 0.67%H in GRAY and 
almost double is in the seismic design cases. Ductility is least in GRAY case in both 
frames. It increases in seismic cases due to ductile detailing (Fig. 4.33-4.34). 

4.9 Overall Observations 

Following salient points have been observed after studying all the frames: 

1. Strength increment due to infills in stilt frames-A is about 8%W in all design 
cases except in BQ5 ca.se, in which it is only 1.5%W. 

2. Strength increment due to infills in infill frames-A is about 14%W in all design 
cases except in EQ5 case, in which it is only 6.6%W. However, strength 
increment is about 37%W in infill frames-B. 

3. Strength increment in stilt and infill frames as compared to bare frame are up to 
1 20% and 440%, respectively. 

4. Strength of stilt frames is 1. 0-2.2 times the corresponding bare frames. Whereas 
strength of infill frames is 1.2-5 .4 times the respective bare frames. 

5. Contribution of infills in the total strength of frames decreases in frames desired 
for higher seismic zone. 

6 Strength reduction due to absence of infills in the ground story in stilt frames is 


12-70%. 
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7. Strength of stilt frames-B is nearly equal to corresponding bare frames strength. 
However, strength increment in stilt frames-A as compared to bare frame is 
significant. 

8. Overstrength factor of both the bare frames in all seismic design cases is found to 
be about four. Whereas it is 3. 9-7. 6 for stilt frames and 4.7-20.8 for infill fi'ames. 

9. Deformation capacity increases up to 100% owing to the ductile detailing. 

10. Deformation capacity decreases considerably in most of the frames due to infil l 
and reduction is up to 45%. 

11. Yielding initiates in the ground story columns of stilt frames at a very low 
deformation level as compared to bare and infill frames. 

12. Both the stilt frames in all design cases collapse due to failure of ground story 
columns. 

13. In stilt frames, the ground story displacement at collapse is more than 40% of the 
roof displacement in frame-A. However, it is more than 80% in frame-B. 

14. Reduction in the ground story stiffness is 50-90% due to absence of infills, while 
overall stiffness deficit is 25-65%. 

15. Stiffness of stilt frames is 1. 8-4.1 times the corresponding bare frames. Whereas 
stiffness of infill frames is 2.9-1. 9 times the corresponding bare frames. 

16. Ductility is increased in most of the frames due to infills. However, decrease was 
noted in few frames. 

17. Seismic performance of stilt frames significantly improved in terms of strength 
and stiffness if bottom story components are designed for higher forces. 



Chapter 5 

Summary and Conclusions 

5.0 General 

RC frame buildings infilled with unreinforced brick masonry are very common in 
practice. Many such buildings have open ground story for parking. Such buildings have 
consistently shown poor performance during past earthquakes. Open ground story feature 
is not captured in design as strength and stiffness contribution of infill is not taken into 
account. Indian seismic code suggests designing open ground story components for 2.5 
times moments and shears if infill is not considered in analysis and design. 

5.1 Summary 

In the present study, two frames three-story one-bay and five-story two-bay are 
designed for only gravity loads, and gravity loads plus seismic loads corresponding to 
seismic zones 11, 111, and V. Frames designed for seismic loads are detailed as per ductile 
detailing code, else detailing is ordinary. Ground story columns of stilt frames designed 
for zone III is redesigned for 2.5 times bending moments and shear forces. In the next 
case, first floor beams are also redesigned for 2.5 times bending moments and shear 
forces. The masonry infill panels are modeled as equivalent diagonal struts. Width of 
strut is taken as one-third of diagonal length of infill panel according to Holmes (1961) 
formula. Hinge properties of strut are defined as per Reinhom et al. (1995). Moment- 
rotation hinge is assigned in both ends of beams and moment-rotation coupled with P-M 
interaction hinge is assigned in both ends of columns. Nonlinear pushover analysis is 
performed using structural analysis software package “SAP2000 NonLinear” [CSI, 
1999]. Pushover analysis is performed for bare, stilt, and infill frames of each design 
case. Base-shear versus roof displacement is plotted for each frame. The performance of 
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stilt frames are compared with bare and infill frames in terms of strength, stiffness, 

deformation capacity, ductility, and hinge mechanism. The efficacy of designing bottom 

story components for higher forces to avoid soft/weak story formation is also evaluated. 

5.2 Conclusions 

The following are the salient conclusions drawn from the present study: 

1. Both the stilt frames in all design cases collapse due to failure of ground story 
columns. It implies that ground story columns are more susceptible to failure tb^n 
first floor beams in stilt frames. 

2. Strength and stiffness deficit in ground story caused by absence of infills is more 
prominent if ground story height is more. 

3. Deficit in ground story stiffness is 50-90% due to absence of infills, while overall 
stiffness deficit is 25-65% and strength deficit is 10-70%. 

4. Strength and stiffness deficit in ground story caused by absence of infills is less 
prominent in the frames designed for higher seismic zone. 

5. Increase in overstrength factor due to infills is more significant in infill frames 
compared to stilt frames. Overstrength factor decreases in the frames designed for 
higher seismic zones. 

6. Defonnation capacity in most of the seismic design cases due to ductile detailing is 
considerably increased. 

7. Deformation capacity decreased up to 45% due to presence of infills. 

8. Ground story columns and first floor beams both are designed for 2.5 times forces 
then strength and stiffness increases but deformation capacity decreases compare to 
when only ground story columns are designed for 2.5 times forces. 

9. Ground story columns do not fail in stilt frames if designed for 2.5 times forces. 
Frames collapse due to failure of beams or upper stories columns. 
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10. In frame-A, strength and stiffness deficit is compensated if only ground story 
columns are designed for 2.5 times forces; while in frame-B, strength and stiffness 
deficit is nearly compensated if columns beams both are designed for 2.5 times 
forces. Strength and stiffness deficit caused by absence of infills vary zone to zone for 
even same frame. This 2.5 times factor may be quite conservative in zone V, while it 
may be low for zone II. Therefore, this factor needs more refinement and it should be 
based on extent of irregularity in strength and stiffness. 

5.3 Possible Future Work 

Observations from previous and present research on RC frame buildings on stilt 
show the need for more work to understand the seismic behavior of such buildings and 
find out some rational, simple, and economical method of design to avoid formation of 
weak/soft story. Following work may be carried out in future: 

1 . Analyzing and designing RC infill frame after incorporating infill. 

2. This work was done on two-dimensional frames. Future work may be extended to 
three- dimensional buildings. 

3. How seismic performances of buildings on stilts vary with the height of ground story 
can be studied. 

5. Opening in the infill panel of upper stories may be considered in future work to 
simulate the response of buildings with more precision. 

5. Ground story members of buildings on stilts may be designed for different force level 
(less than and more than 2.5 times) and seismic response and economy may be 
compared. 
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Table 2.1: Base Shear Distribution in Frame-A 


Floor 

Earthquake Force (kN) 

Zone II 

Zone III 

Zone V 

Third {H 3 ) 

39.0 

62.0 

140.0 

Second {H 2 ) 

17.5 

28.0 

63.0 

First {Hi) 

4.5 

7.0 

16.0 

Vb 

61.0 

97.0 

219.0 


Table 2.2: Base Shear Distribution in Frame-B 


Floor 

Earthquake Force (kN) 

Zone II 

Zone III 

Zone V 

Fifth {Hi) 

12.5 

20.0 

46.1 

Fourth {H 4 ) 

12.5 

20.0 

44.5 

Third {Hi) 

7.5 

12.0 

26.6 

Second {Hi) 

3.8 

6.0 

13.2 

First {Hi 

1.2 

2.0 

4.5 

Vb 

37.5 

60.0 

135.0 


Design 

Case 

Width 

(mm) 

Depth 

(mm) 

Longitudinal 

Reinforcement 

Shear 

Reinforcement 

(%) 

Detailing 

GRAY 

300 

500 

1.70 

10Y18 

Y8@280 

EQ2 

300 

600 

1.41 

10Y18 

Y8@75 

EQ3 ^ 

300 ^ 

630 

1.66 

10Y20 

Y8@75 

EQ5 

350 

700- 

2.00 

10Y25 

Y10@85 

EQC3‘ 

500 

800 

2.01 

10Y32 

Y10@100 

EQCB3” 

500 

800 

2.01 

10Y32 

Y10@100 


*This is the size of ground story columns. Columns in all other stories are same as 
in EQ3 

** All columns are same as in case EQC3 
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Table 2.4: Reinforcement Details of Beams of Frame-A 


Design 

Case 

Width 

(mm) 

Depth 

(mm) 

Tension 

Reinforcement 

Compression 

Reinforcement 

Shear 

Reinforcement 

(%) 

Detail 

(%) 

Detailing 

GRAY 

200 

400 

0.75 

3Y16 

0.50 

2Y16 

2Y8@275 

EQ2 

200 

450 

0.85 

3Y18 

0.57 

2Y18 

2Y8@100 

EQ3 

250 

500 

0.91 

3Y22 

0.61 

2Y22 

2Y8@110 

EQ5 

250 

600 

1.31 

4Y25 

1.31 

4Y25 

2Y10@110 

EQC3* 

250 

500 

0.91 

3Y22 

0.61 

2Y22 

2Y8(®110 

EQCB3" 

300 

650 

0.78 

4Y22 

0.58 

3Y22 

2Y8@130 


* All beams are same as in case EQ3 

** This is the size of ground story beam. All other stories beams are same as in case EQ3 


Table 2.5: Reinforcement Details of Columns of Frame-B 


Design 

Case 

Width 

(mm) 

Depth 

(mm) 

Longitudinal 

Reinforcement 

Shear 

Reinforcement 

(%) 

Detailing 

GRAY 

230 

460 

1.07 

10Y12 

4Y6@180* 

1-;Q2 

250 

470 

0.96 

10Y12 

4Y8@75 

EQ3 

250 

500 

0.91 

10Y12 

4Y8@75 

I-:Q5 

300 

600 

1.12 

10Y16 

4Y10@75 . 

EQC3** 

300 

650 

1.95 

10Y22 

4Y8@75 

EQCB3 

300 

650 

i 1-95 

10Y22 

4Y8@75 

♦ Grade of si 

lear reinforcement is 

Fe250 


**This is the size of ground story columns. All other stories columns are same as in 
EQ3 

*** All columns are same as in case EQC3 


Table 2.6: Reinforcement Details of Beams of Frame-B 


Design 

Case 

Width 

(mm) 

Depth 

(mm) 

Tension 

Reinforcement 

Compression 

Reinforcement 

Shear 

Reinforcement 

(%) 

Detailing 

(%) 

Detailing 

GRAY 

230 

400 

0.49 

4Y12 

0.25 

2Y12 

2Y6@130 

EQ2 n 

200^ 

450^ 

o.67n 

3Y16 

0.45 

2Y16 

2Y8@100 

E03 

250 

500 

0.64 

4Y16 

0.32 

2Y16 

2Y8(^110 

EQ5 

300 

600 . 

0.57 

4Y18 

0.57“1 

4Y18 

2Y8@120 

— — uny 

EQC3 

250 

500 

0.64 

4Y16 

0.32 

2Y16 

2Y8m 10 

— run)! — 

EQCB3 

250 

500 

1.52 

5Y22 

0.91 

3Y22 

2Y10@110 


♦Grade of shear Reinforcement is Fe250 


** All beams are same as in case EQ3 , 

'j’jjjg js the size of ground story beam. All other stories beams are same as in EQ3 
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Table 3.5: Flexural Hinge Properties of Columns of Frame-B 


Design 

Case 

Py 

(kN) 

My 

(kN-m) 

^ (10‘^ radian) 

MJMy 

6j6y 

Upper Story 

Ground Story 

GRAY 

1587 

96 

0.757 

1.060 

1.000 

20.3 

EQ2 

2379 

102 

0.693 

0.970 

1.003 

70.0 

EQ3 

2522 

111 

0.626 

0.876 

1.002 

70.4 

EQ5 

3800 

231 

0.631 

0.883 

1.021 

47.9 

EQC3 

4765 

428 

- 

r 1.281 

1.059 

29.4 


Table 3.6: P-M Interaction Curve of Columns of Frame-B 


Design Case 

Pc (kN) 

PJPc 

PbtPc 

Mo (kN-m) 

Mb/Mo 

GRAY 

1587 

0.3696 

0.30 

96 

1.2352 

EQ2 

2379 

0.2447 

0.35 

102 

1.5088 

EQ3 

2522 

0.2326 

0.37 

111 

1.5514 

EQ5 

3800 

0.2744 

0.34 

231 

1.4065 

EQC3 

4765 

0.4139 

0.26 

428 

1.1684 


Table 3.7: Flexural Hinge Properties of Beams of Frame-B 


Design Case 

My (kN-m) 

(10 ^ radian) 

MJMy 

6J6y 

GRAY (HOG) 

75 

1.054 

1.000 

111 

GRAY (SAG) 

41 


MIBi™ 


' EQ2(HOG) 

113 




EQ2 (SAG) 

79 



HEBEH 

EQ3(HOG) 

167 

1.103 



EQ3(SAG) ^ 

91 

0.598 

1.000 

50.9 

EQ5(HOG) ^ 

275 

0.874 

1.006 

23.4 

EQ5 (SAG) 

275 ' 

0.874 

1.006 1 

23.4 

EQCB3(HOG) 

349 

2.301 

1.079 

20.0 

EQCB3(SAG) 

248 

1.631 

1.015 

23.0 


Table 3.8: Axial Hinge Properties of Struts of Frame-B 


Design 

Case 

Upper Story 

Ground Story 

PJPy 

SmlSy 

^>.(kN) 

dy (mm) 

Pyim 

5y(mm) 

GRAY 

316 

8.872 

517 

10.700 

1.125 

2.25 

EQ2 

307 

8.723 

501 

10.458 1 

1.125 

2.25 

EQ3' 

305 

8.585 ^ 

490 

10.298 1 

1.125 

2.25 

EQ5 

276 ' 

8.045 

447 

9.611 

1.125 

2.25 

EQC 3 I 

- 

- 

474 

9.721 

1.125 

2.25 

EQCB3 


- 

444 

9.374 

1.125 ^ 

2.25 
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Table 3.9: Shear Hinge Properties of Frame-A 


Members 

^'^(kN) 

5u (mm) 

Ground Story Columns 

268 

0.69 

First Story Columns 

223 

0.574 

Second Story Columns 

178 

0.458 

Beams 

140 



Table 3.10: Shear Hinge Properties of Frame-B 
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Table 4.1; Lateral Strength (kN) of Frame-A and Frame-B 


Design 

Case 


Frame-A 

Frame-B 

Bare 

Stilt 

Infill 

Bare 

Stilt 

Infill 

GRAY 

6.9 

15.2 

21.3 

9.1 

14.9 

49.0 

EQ2 

10.7 

19.0 

24.3 

14.0 

18.4 

51.9 

EQ3 

15.3 

22.7 

27.9 

16.9 

18.7 

53.2 

EQ5 

36.1 

37.5 

42.7 

35.2 

35.5 

68.7 

EQC3 

•* 

34.1 

- 

- 

40.9 

- 

EQCB3 

- 

37.4 



- 

- 

51.9 


Table 4.2: 

Maximum Roof Displacement (%H) of Frame-A and Frame-B 

Design 

Frame-A 

Frame-B 

Case 

Bare 

Stilt 

Infill 

Bare 

Stilt 

Infill 

GRAY 

1.73 

0.95 

1.05 

1.16 

0.64 

0.67 

E02 

3.38 

2.09 

2.10 

1.96 

1.47 

1.12 

EQ3 

2.88 

1.99 

1.99 

1.33 

1.45 

1.11 

E05 

2.79 

2.07 

2.07 

1.36 

1.05 

1.25 

iiQC3 

- 

2.45 

- 

- 

1.03 


EQCB3 

- 

2.24 

- 

- 

0.96 

- 


Table 4.3: Initial Lateral Stiffness (kN/mm) of Frame-A and Frame-B 


Design 

Case 

Frame-A 

Frame-B 

Bare 

Stilt 

Infill 

Bare 

Stilt 

Infill 

GRAY 

5.2 

21.5 

41.6 

3.5 

9.6 

27.2 

EQ2 

8.1 

28.5 

45.0 

4.8 

12.3 

30.9 

EQ3 

11.1 

30.6 

47.6 

6.7 

14.5 

32.5 

EQ5 

19.1 

41.7 

54.8 

13.2 

23.9 

40.2 

EQC3 


49.9 

- 

- 

22.8 

- 

EQCB3 


55.6 


- 

22.9 

- 
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Table 4.4: Ductility of Frame-A and Frame-B 


Design 


Frame-A 

Frame-B 

Case 

Bare 

Stilt 

Infill 

Bare 

Stilt 

Infill 

GRAY 

4.9 

5.1 

7.7 

4.8 

4.4 

4.0 

EQ2 

9.7 

11.7 

14.6 

8.8 

10.6 

7.3 

E03 

9.0 

15.7 

19.8 

5.7 

12.1 

7.3 

: eq5 

5.5 

8.6 

10.0 

5.5 

7.6 

7.9 

EQC3 

- 

13.4 

- 

- 

6.2 


E0CB3 

- 

12.5 

- 

- 

4.6 



Table 4.5: Column Overstrength Factor (COF) of Frame-A and Frame-B 


Design 

Frame-A 

Frame-B 

Case 

M,c 

Myb 

COF 

Myc 

Myb 

COF 

(iR.-W 

211 

70 

3.0 

96 

41 

2.3 

i H02 

279 

104 

2.7 

102 

79 

1.3 


1 354 

167 

2.1 

111 

91 

1.2 

HQ5 

594 

511 

1.2 

231 

275 

P 

bo 


Table 4.5: Overstrength Factor of Frame-A and Frame-B 


Design 

Frame-A 

Frame-B 

Ca.se 

Bare 

Stilt 

Infill 

Bare 



Stilt 

Infill 

GRAY 

« 

« 

- 


- 

- 

E02 

4.3 

7.6 

9.7 

5.6 

7.4 

20.8 

! e;q3 

3.8 

5.7 

7.0 

4.2 

4.7 

13.3 

' i-:q5 

4.0 

4.2 

4.7 

3.9 

3.9 

7.6 


Table 4.6: Ground Story Lateral Stiffness (kN/mm) of Frame-A and Frame-B 


Design 

Case 

Frame-A 

Frame-B 

Bare 

Stilt 

Infill 

Bare 

Stilt 

Infill 

GRAY 

32 

39 

149 

13 

14 

139 

EQ2 

53 

65 ^ 

172^ 

18 

19 

147 

EQ3 

66 n 

77 

182 

23 

24 

152 

EQ5 

106 

119 

222 

46 

48 

178 
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Figures 



(a) Bare frame; (b) Infilled frame: 

Predominant frame action Predominant shear action 

Fig. 1.1 : Contrasting structural behavior of buildings without and with 
unreinforced masonry infill walls (Murty et al., 2002) 



(a) Open ground story 



(b) Bare frame 

deformation demands during earthquake 


Fig. 1.2: Soft story is subject to severe 
shaking (Murty et al, 2002) 










Fig. 1.4: Soft story mechanism formed after the fall out of the infill in the 
bottom two stories (Mistakidis, et al., 2000) 




(a) Concentration of damage in bottom (b) Collapse in bottom 2-stories 
2-stories 

Fig. 1.5: Multistory RC frame with masonry infill near Golcuk 
(Dolsek et al, 2001) 



Fig. 1.6: Completely infilled RC frame sustained uniform damage 
(Murty et al., 2002) 






Figures 








Fig. 1.9 : Shear cracking of non-ductile columns of an open ground story building 
in Bhuj (Murty et al., 2002) 


(b) Damage to column in Fig. (a) 


(a) Soft ground story building 
Fig. 1.10: Damage of ground story columns of stilt building (Ellul et al., 2003) 
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Fig. 2.3: Dead Load on frame-B 
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Fig. 2.4: Imposed Load on frame-B 
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Figures 



(a) Column (b) Beam 

Fig. 2.7: Cross section of £rame-A in GRAY case 



(a) Column (b) Beam 

Fig. 2.8: Cross section of ffame-A in EQ2 case 



(a) Column Beam 

Fig. 2.9: Cross section of ffame-A in EQ3 case 
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4-120 

6O@130c/c 


2-120 


Fij:;. 2.13: Cross section of frame-B in GRAY case 



10-120 

80 @ 75 c/c 



Fig. 2.14: Cross section of frame-B in EQ2 case 




F'g. 2.15: Cross section of frame-B in EQ3 case 
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(a) Column 


(b) Beam 


Fig. 2.16: Cross section of frame-B in EQ5 case 
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Fig. 2.17: Cross section of frame-B in EQC3 case 
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Fig. 2.18: Cross section of frame-B in EQCB3 





Base Shear 



Roof Displacement 

Fig. 3.1: Idealized pushover curve with salient features for infilled frame structure 



Fig. 3.2: Load-deformation relationship by Reinhom et al. [Reinhom et al., 1995] 
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Fig. 3.3. Idealized axial load-axial deformation relationship for equivalent diagonal strut 
[Das, 2000] 







Fig. 3.7 : Axial force-moment interaction curve for columns 
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Fig. 3.8: Shear strength - shear deformation relationship for frame members [FEMA 273 



n I 1 r 


• Axial hinge only 

★ Moment and shear hinge 

B Axial-moment and shear hinge 

Fig. 3.9: Type and location of hinges in infilled frame 



Base Shear (%W) 


Figures 


85 



Roof Displacement (%H) 

Fig. 4.1: Pushover curve of frame-A design case GRAY 



Roof Displacement (%H) 

Fig. 4.2: Pushover curve of jframe-B design case GRAY 
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(a) Bare frame (b) Stilt frame (c) Infill frame 

Fig. 4.17: Location of hinges at failure in frame-A of design case GRAV 



(a) Bare frame (b) Stilt frame (c) Infill frame 

Fig. 4.18: Location of hinges at failure in frame-B of design case GRAV 

In strain hardening region 
Failed 



Figures 


94 



(a) Bare frame (b) Stilt frame (c) Infill frame 

Fig. 4.19; Location of hinges at failure in frame-A of design case EQ2 



(c) Infill frame 


Fig. 4.20: Location of hinges at failure in frame-B of design case EQ2 




(a) Bare frame (b) Stilt frame (c) Infill frame 

Fig. 4.21: Location of hinges at failure in frame-A of design case EQ3 



(a) Bare frame (b) stilt frame (^) 

Fig. 4.22: Location of hinges at failure in frame-B of design case EQ3 
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(a) Bare frame (b) Stilt frame (c) Infill frame 

Fig. 4.23: Location of hinges at failure in frame-A of design case EQ5 



(a) Bare frame (b) stilt frame (c) Infill frame 

Fig. 4.24: Location of hinges at failure in frame-B of design case EQ5 
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(a) EQ3 (b) EQC3 (cj EQCB3 

Fig. 4.25: Location of hinges at failure in stilt frame-A 



(a) EQ3 (b) EQC3 (c) EQCB3 

Fig. 4.26: Location of hinges at failure in stilt ffame-B 














